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Abstract 
  
 A device capable of estimating soil properties quickly and accurately is of great 
worth to individuals in many disciplines.  The multi-functional heat pulse probe 
(MFHPP) is an instrument which allows for simultaneous in situ measurements of soil 
heat capacity, thermal conductivity, thermal diffusivity, water content, water flux density, 
and electrical conductivity.  Previous studies showed this device exhibits instrumentation 
and model limitations which reduce its measurement accuracy.  It is important for the 
future use of the MFHPP to fully investigate sources of error, increase the range of 
testing and develop improvements to alleviate these issues.   
 The main objectives of this study were to: (1) construct a functioning MFHPP, (2) 
investigate sources of error which impede measurement accuracy in various soils, and (3) 
estimate thermal and hydraulic properties of different soils. 
 A MFHPP was reconstructed with modifications which helped reduce potential 
sources of error.  The modified MFHPP was implemented to estimate the properties of 
sand and five soils using a traditional calibration.  While the sand estimates showed 
accuracy similar to previous studies, there was a poor fit between estimated and measured 
values for the soils.  Results of a sensitivity analysis indicated deviations in sensor 
spacing (r) and reductions in heater output (q’) (up to 80%) can cause measurement 
errors.  Due to the difficulty of completely alleviating sensor spacing errors, methods 
were developed to reduce inaccuracies by accounting for heat loss. 
 Three new calibration techniques are presented in addition to the conventional 
agar, full heat approach.  These are the agar-reduced heat, physical and quasi-empirical 
 vi 
calibration techniques.  In addition to accounting for heat loss, these calibrations: (1) 
improve estimates of soil properties by 50% on average, (2) repetition is not necessary 
prior to each use, and (3) they account for error causing artifacts of probe construction. 
 Additional findings indicate the MFHPP estimates are susceptible to error from 
the length of heating, duration between cycles, and soil texture, which suggests an 
inability of the model to explain the complex process of heat transfer in soils.  The results 
of this study provide an in depth analysis of this technique from which further 
improvements can be made. 
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Chapter 1  
General Introduction 
 
1.1 Introduction 
 Estimation or evaluation of the soil system and its properties is significant not 
only to soil scientists, but scientists in other disciplines, engineers, agriculturists, and 
other professionals alike.  Among these which are important are soil thermal and 
hydraulic properties.  Soil temperature in general is a major governing factor which 
influences on microbiological growth, vegetation growth, chemical processes, and rates 
of evapo-transpiration, among other things.  Typically, when referring to soil temperature 
the specific properties of interest are volumetric heat capacity, thermal diffusivity, and 
thermal conductivity. Heat capacity (C) is a measure of the amount of energy (joules) 
which can be stored per mass or volume, per change in temperature.  Thermal 
conductivity is a measure/indicator of the heat power that can be transmitted through a 
soil by conduction, convection, or radiation, over a given length at a given temperature.  
Thermal diffusivity is the ratio of conductivity to heat capacity, with units of area per 
time.  Soils with a higher diffusivity will more rapidly adjust to their surrounding 
temperature because they conduct heat more rapidly compared to their thermal bulk.  
Typical hydraulic properties of interest are volumetric water content and water flux 
density.  Volumetric water content is the ratio of the volume of water per total volume of 
the soil or the product of the bulk density and mass of water per volume of soil 
(gravimetric water content).  This is one of the most basic properties of any soil analysis 
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as its effects on a soil are almost universal.  Water flux density or water velocity is also of 
interest because of its use in determining groundwater recharge, and other processes such 
as chemical transport.  
 There are currently many techniques available to estimate each of these properties 
individually.  These include methods for estimation in either a lab or a field setting.  
Laboratory techniques to determine soil hydraulic properties can be time consuming, 
requiring taking multiple samples for analysis, and might not represent true soil 
conditions.  In addition estimates are not available at the time sampling.  Field studies can 
be costly (e.g. the neutron gauge probe to estimate water content), or simply limited to 
the estimation of only property (tensiometer).  The MFHPP has been previously 
presented and is a viable means of determining various soil properties.  Included in this 
sensor capabilities are an ability to estimate the major thermal properties of importance; 
volumetric heat capacity, thermal diffusivity and, thermal conductivity, as well as 
volumetric water content, water flux density, and bulk electrical conductivity.  In addition 
to being able to be used for estimation of multiple soil properties in the same location, the 
MFHPP has other benefits including: (1) can be used in the lab of field, (2) quick time 
response (approximately 15 minutes), (3) relatively inexpensive, (4) automatic 
measurements which can be monitored remotely through a datalogger, (5) non-
destructive or non-intrusive.  In depth testing of the MFHPP is still limited and previous 
literature has cited measurement limitations.  Therefore, there is still a need for further 
analysis of this technique which is the major goal of this study.   
 The thesis is broken down into 4 major chapters:  the remainder of chapter 1 is the 
literature reviews and objectives of this study, Chapter 2 is the methodology section 
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which is composed of 3 components: construction of the PVC bodied probe (which 
includes results of limited testing), construction of a modified MFHPP, and the 
techniques for estimation of soil properties from heat pulse data), Chapter 3 is the results 
and discussion, and Chapter 4 is the conclusions of this study as well as suggestions for 
future work.  
 The probes synthesis to its current design and implementation has occurred as a 
relatively slow transformation over the last 50 years with major developments occurring 
since 1991.  The following is a chronological literature review covering this period of 
time, highlighting the major advancements made concerning this method.  While the 
Mori et al. (2003) paper was the groundwork for this project, the review will include 
other relevant papers up to the current date as well. 
1.2 Literature Review  
 It has been well documented that heat, water, and solute transport are coupled 
processes.  de Vries (1952, 1963) has been given credit with beginning work concerning 
estimating soil thermal properties.  The de Vries approximation method, as it is known, is 
still widely used today for estimating soil thermal properties, and is the foundation for 
some of the analytical solutions used in the heat pulse technique.  It is based on the theory 
that heat capacity can be determined through the summation of the specific heats of the 
individual soil constituents.  This can be done by using published or measured values for 
the soil minerals because the specific heat of water changes only slightly at temperatures 
between 0 to 100°C and standard pressure (Kluitenberg, 2002).  A simplified version of 
its form is 
 4 
    ( )gwoommb cccC θϕϕρ ++=                   [1] 
where the subscripts “m”, “o”, and “w” represent mineral, organic, and water fractions 
respectively, θg is gravimetric water content, C is heat capacity, c is specific heat, ρb is 
dry bulk density, and φ is the relative mass fractions on a dry basis.   
 Byrne et al. (1967, 1968) were the first set of studies to apply heat as a tracer to 
determine soil water flux and other soil properties.  This was done through temperature 
sensors which were placed in various symmetries to either line or point heat sources.  The 
results of the experiments however showed poor agreement between experimental and 
theoretical measurements.  This was partially due to the required heating time of 30 
minutes necessary to overcome the distance between temperature probes and reach 
thermal equilibrium.  Overheating, which was typically the result, caused thermal 
dispersion of water, forcing convection. Other limitations were the calibrations required 
to relate temperature response to flux and the overall size of the probes themselves.  
 Campbell et al. (1991) resumed work on this technique and offered many 
additional improvements which are still used today.  The first and probably most 
important was the introduced change in probe geometry.  The Dual Probe Heat Pulse 
(DPHP) technique as it was termed proposed the concept of two needles with reduced 
sensor spacing (to ~ 5mm) and heating time to approximately 8 seconds.  By doing so, it 
would improve estimates significantly by reducing soil water redistribution, and in 
addition, measurements of thermal properties could be conducted much more quickly.  In 
this study it was suggested, and later confirmed by Kluitenberg et al. (1993, 1995), that 
measurements of this nature would be highly sensitive to variations in sensor spacing. 
The study also first suggested that water stabilized with agar would be a good medium 
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for calibrating sensor spacing.  The sensor was designed to be used as a means to 
estimate specific heat indirectly through measurements of other thermal properties.   
 Bristow et al. (1993, 1994b) experimentally tested the DPHP technique and  
showed that heat pulse data could also be used to estimate soil water content in addition 
to thermal properties.  These studies were later continued by Bilskie et al. (1998) who 
found good agreement between estimated and theoretical values of heat capacity and 
thermal conductivity (2% and 6%, respectively).  More recently, Campbell et al. (2002) 
tested multiple DPHP’s in a peat soil and found excellent resolution up to 90% moisture 
content in a field setting.  Heitman et al., (2003) found similar results at lower water 
contents.  Basinger et al. (2003) investigated the ability of the DPHP technique to 
measure water content specifically in a laboratory setting.  It was concluded that 
empirical calibration equations were needed to improve agreement between values.  In 
addition, Basinger et al. (2003) determined that using estimates obtained by the probe for 
specific heat to conduct measurements of water content would introduce errors as well.   
This study further noted sensor spacing discrepancies can have a large impact on 
measurements caused primarily by sensor deflection and the degree to which the sensor 
makes contact with the media to be analyzed.   In a study by Tarara and Ham (1997), the 
use of the DPHP in field soils was investigated. After calibrating the probe in the lab and 
conducting analysis of wet and dry glass beads, 16 probes were installed in the 
rhizosphere of a drip irrigated row crop.  The study concluded that the probes were able 
to detect down to a 10% difference in water content between mulch covered and bare 
soils.  However, the results of this experiment were not validated. 
 6 
 Work by Kluitenberg et al. (1993, 1995) conducted error analysis to determine 
sources of error within the measurements of the DPHP.  The authors mathematically 
interpreted how differences in geometry, length of heating time, and measurement errors 
would affect estimations of thermal properties.  The authors were specifically interested 
in the analytical solution for a pulsed infinite line heat source presented by de Vries 
(1952). 
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 For a heat pulse of duration ot (s), the solution for a temperature change, ∆T (K) at 
a distance r (meters) from the line heat source is given by Eq. [2], where q’ is energy 
input per unit length of heater per unit length time (W m
-1
), C and κ are the soil’s 
volumetric heat capacity (J m
-3
 K
-1
) and thermal diffusivity (m
2
 s
-1
), respectively, and –
Ei(-x) is the exponential integral function with argument x.  The thermal conductivity of 
the bulk soil λ (W m
-1
 K
-1
) is determined from the product of C and κ.   The term “r” is 
the radial distance or spacing of each temperature sensor, independently, from the heater.   
 This solution can be attained for C and κ through non-linear curve fitting where 
Eq. [2] is fitted to measured ∆T(r,t) as shown in Welch et al. (1996), and illustrated in 
Fig. 1 (Mori et al. 2005).  However a single-point method can be utilized as well by 
making use of the fact that the temperature response reaches a maximum point or peak.  
This is done by taking the derivative of Eq. [2] with respect to time and setting the result 
equal to zero and, obtaining the time (tm) to maximum temperature change (∆Tm) (Fig. 1). 
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Figure 1. (a) Nonlinear optimization approach (Mori et al. 2003), and (b) illustration 
of single-point method (Bristow, 1998). 
 8 
 Thermal diffusivity can then be obtained through previous data or directly from 
the soil sample through the equation (Kluitenberg et al. 1993; Bristow et al. 1994a): 
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Rearrangement of Eq. [2] produces an expression for estimating volumetric heat 
capacity where (Bristow et al., 1994a) 
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These two approaches are compared by Bristow et al. (1995) and a simplified method is 
offered by Knight and Kluitenberg, (2004). 
Once C is estimated from Eq. [2], the volumetric water content, θ  ( 33 −mm ), can 
be determined from (de Vries, 1963; Campbell, 1985) 
          θρ wsb CcC +=                                                           [5] 
Assuming that the specific heat value of air can be ignored and the specific heat values of 
the solid phase and water are available.  In Eq. [5], ρ denotes the material density   
)( 3−mkg ; c is the specific heat )( 11 −− KkgJ ; www cC ρ= ; and subscripts “b”, “s” and 
“w” denote bulk soil, solid phase, and water, respectively. 
 The error analysis conducted by Kluitenberg et al. (1993, 1995) concluded 
measurement errors of heater output (q’) and maximum temperature differential (∆T) 
caused an equal subsequent error in C and κ.  On the contrary, errors in sensor spacing (r) 
measurements produced errors two times as great in estimated thermal properties. 
 Noborio et al. (1996) and Ren et al. (1999) took the probe a step further through 
the addition of time domain reflectrometry (TDR) in order to be able to simultaneously 
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measure electrical conductivity.  The thermo-TDR probe was further tested by Noborio et 
al. (1999) who showed it was possible to combine thermal and electrical property 
estimates to estimate various soil properties. Ochsner et al. (2001b) experimentally found 
“standard errors between thermo-TDR
 
measurements and gravimetric measurements 
were 0.02, 0.07, and
 
0.05 m
3
 m
-3
 for water content, volume fraction of solids, and
 
air-
filled porosity, respectively.”  A negative linear relationship using solely the air filled 
volume and thermal conductivity has been developed with this method as well (Ochsner 
et al., 2001a).  Bristow et al. (2001) introduced a newer method to simplify the electrical 
conductivity measurements.  Their new probe design partially utilized the already 
existing stainless steel legs which housed the thermal instrumentation.  With the addition 
of two more legs a Wenner array could then be developed to measure bulk electrical 
conductivity.  This can be done through a series of equations proposed by Rhoades et al. 
(1976) 
                 swb ECECEC += )(θθτ                                                 [6a]                  
               ba += θθτ )(                                                       [6b] 
which defines the control of θ, a water dependent tortuosity term τ(θ), the soil solid 
surface conductivity (ECS), the soil solution (ECw) on the bulk electrical conductivity.  
Rearrangement of Eq. [6] yields 
     
w
s
w
b
EC
EC
ba
EC
EC
++= θθ 2                                                  [7] 
 A study by Ren et al. (2000) further expanded the probe and Noted, with the 
addition of upstream and downstream sensors, that it could be used to measure the 
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maximum dimensionless time difference (MDTD) which could then be related to soil 
water flux density.  Water flux is estimated through (Ren et al., 2000) 
     
C
C
JJ wwh =                                                           [8]  
where Jh is the heat flux density, and is calculated through the general solution (Ren et 
al., 2000)     
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where τ = 4πλT/q’, and λ is the thermal conductivity at a point x, y. V is the heat pulse 
velocity and s = (t - t’) where t’ is the total length of time for heat application. 
 Ren et al. (2000) paper suggested that a lower flux limit of 7 x 10
-7
 m s
-1 
was 
attainable if the MDTD could be resolved to within 0.001°C.  However, in practice 
determining temperatures accurately to this degree of resolution is difficult.  This 
justified a number of studies in the early 2000’s (Wang et al. 2002; Hopmans et al. 
2002a; Mori et al. 2003, 2005; Ochsner et al. 2005; and Kluitenberg 2007) to investigate 
the causes of sources of errors within this measurement and offer possible remedies.  
Most of them were mathematical in nature and didn’t deal directly with probe 
construction.   
 Kluitenberg and Warrick (2001) offered a simplified approach to the Ren et al. 
(2000) solution.  A transformation of Eq. [9] (through substitution of ρ = (x
2 
+ y
2
)/4κs) 
produces 
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where the integrals are identical to the well function for leaky aquifers, defined as 
(Hantush, 1964)  
         dzzzzuW
u
)4/exp(),( 21 ββ −−= ∫
∞ −                                     [11] 
Therefore, Eq. [9] can be reduced to 
    )];,(),()[exp( ' νξνξντ WW −=  0tt >                     [12] 
which can be more easily evaluated with a series approximation approach.  In equations 
[10], [11], [12], ν = Vx/2κ, υ = V )( 22 yx + /2 κ, ξ = (x2+ y2)/4κt, and ξ’ = (x2+ y2)/4κ(t 
– t0).     
 The Wang et al. (2002) paper is of importance to note in that a major shift was 
suggested to interpret heat pulse data for attaining water flux estimates.  Rather than the 
previously proposed MDTD method they tested the ratio method.  This is simply 
whereby flux is directly estimated from the temperature ratio of upstream and 
downstream sensors at a given point in time after heat is applied.   This is found through 
the approximation 
    )ln(
)(
2
u
d
udw
w
T
T
rrC
C
J
−
≈
κ
                                                  [13] 
Where rd and ru are the distance in meters from the upstream and downstream sensors 
relative to the heater respectively, and Td and Tu, are their respective temperature 
differentials at a given point in time at maximum temperature increase.  This 
approximation might not hold true in high fluxes where thermal dispersion becomes more 
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significant then thermal conductivity as determined by the Keith-Jirka-Jan number that 
quantifies the ratio of the two (Hopmans et al. 2002a). 
 A study by Ochsner et al. (2005) conducted tests using a heat pulse probe to 
evaluate both the ratio method (Wang et al. 2002) and the MDTD approach utilizing the 
simplified well function for leaky aquifers to estimate soil water fluxes.  They concluded 
this new method (ratio method) “exhibited greater precision, was computationally
 
simpler, and reduced the number of required parameters by four (Ochsner et al., 2005)”. 
 Kluitenberg et al. (2007) offered an improved model to the Wang et al. (2002) 
approach.  They concluded that the previous approach did not account for the time 
dependence of the temperature increase ratio Td/Tu.  This can be accomplished by treating 
the finite heat impulse as an infinite heat impulse which takes the form 
   ;
4
)(
4
)(
exp
22





 +
−
+
=
t
Vtx
t
Vtx
T
T du
u
d
κκ
     0>t                              [14] 
Even though the heat input is finite this approximation was proven to be more accurate.  
The authors further concluded that shifting Eq. [14] by one half time so that the 
instantaneous heat input occurs at one half heating cycle provides even further 
improvement. This change is reflected in the following equation 
  ;
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 The newest design, which has incorporated all the elements necessary to measure 
thermal properties, water content, water flux density, and bulk electrical conductivity, 
was officially termed the Multi-Functional Heat Pulse Probe (MFHPP) and was first 
presented in Mori et al. (2003).   In this study the authors constructed a MFHPP and 
 13 
further conducted data collection and analysis.  The probe, as shown in Figure 2, was 
presented as a means to measure various thermal, water and solute properties of soils, and 
is similar to the design of Bristow et al. (2001) (Figure 2).  The major difference is the 
use of two additional temperature sensors in the vertical plane (Sensors 5 and 6, Fig. 2).  
The Mori et al. (2003) MFHPP employed 4 thermistors for temperature measurements, a 
heater and 4 electrodes comprising a Wenner Array. The authors stated that the addition 
of multiple temperature sensors would better remove variability between measurements 
due to the ability to average heat pulse data as well.  Data was collected for this study in  
Tottori Dune sand and analyzed for thermal and hydraulic properties.  However the 
authors encountered pre- and post- data collection limitations.  Some of these included:  
1) Inability to measure water content without a priori knowledge of specific heat  
2) Inability to measure electrical conductivity at water contents less then 0.10 m
3 
m
-3
.  
3) Inconsistencies with thermal diffusivity and water content measurements across             
temperature probes 
4) An inability to measure water fluxes at flow rates less then 0.7 m d
-1 
5) The agar stabilized water calibration method was media (agar) specific and needs to be 
repeated in a given media before probe use.  This is a phenomenon which will be 
discussed at length in the results of the present study. 
 Since the conception of this project, further outside research has been conducted 
on the MFHPP.  Mori et al (2005) produced results of continued research on the MFHPP.  
In particular the authors were interested in improving estimation of vadose zone water 
flux measurements.  After further analysis of the original Ren et al. (2000) analytical 
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Figure 2. (a) Design schematic of a Multi-Functional Heat Pulse Probe (MFHPP), 
presented in Mori et al. (2003), and (b) MFHPP from Bristow et al. (2001) 
 
 15 
solution a new approach was developed.  Unlike the Ren et al. approach which utilizes a 
single maximum temperature differential, the authors used a parameter optimization 
approach which employs the time series of both upstream and downstream thermistors 
for 70 seconds.  The resulting objective function (OFI) for estimation of water flux is 
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where PI represents the optimized parameter.  Testing was conducted as a multi-step 
outflow method in Tottori Dune sand.  Their study concluded that this new approach 
allowed for accurate estimates of water flux to about 0.10 m d
-1
 irrespective of whether 
the soil was completely saturated or not.  Water flux estimates below 0.10 m d
-1
 became 
increasingly overestimated for unsaturated conditions.  Using this technique the lower 
water flux limit for saturated conditions was approximately, 0.056 m d
-1
.  As water flux 
increases, however, the ability to accurately estimate the thermal properties and water 
content decreases. 
 In a study by Valente et al. (2006) a newer design was proposed and constructed.  
This new design was believed to improve overall rigidity, reduce the size of the overall 
package, and make the probe wireless for its eventual use in a field setting.  While their 
probe introduced some improvements to the overall construction it appears the authors 
still encountered some of the previously discussed problems and encountered 
measurement difficulties.  Again, these are likely due to the currently accepted analytical 
solutions and the assumptions inherent within them (i.e. infinite line heat source solution 
applied to finite heat source), as well as the limitations of the agar calibration method. 
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Saito et al. (2007) investigated different configurations, designs and sizes of heat pulse 
probes numerically to determine which was least prone to errors. Mortensen et al. (2006) 
conducted further research using the MFHPP.  In this paper the authors constructed an 
MFHPP, which was used to collect data.  The authors used another method to interpret 
the data utilizing inverse modeling (Hopmans et. al 2002a) and an adapted HYDRUS-2D 
model.   
 In summation it appears that there is still a need for improvement in both 
construction methods and materials as well as with the analytical solution currently in 
use.  Additionally, further testing of the MFHPP needs to be conducted to assess it’s 
viability as a means to estimate properties in various soil types and textures.  This was 
seen not only in the Mori et al. (2003) study but others as well.  This study will focus on 
the most recent, MFHPP, as presented by Mori et al. (2003), for conducting data 
collection and post analysis study with the goal of making possible refinements to probe 
construction and post data analysis.  
1.3 Objectives 
1)  Construct a functioning MFHPP which can be tested, analyzed and utilized to collect 
heat pulse data and estimate properties of various soils/materials. 
• Develop an in depth methodology for constructing a MFHPP which at the 
time is currently not available. 
2)  Investigate major and minor sources of error within the instrumentation, data 
collection process and analysis. 
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3)  Develop improvements to the current methodology particularly pertaining to the 
construction techniques and post data analysis. 
4)  Add to the current body of knowledge pertaining to this methodology so that future 
studies can benefit from and maintain a clearly defined direction while avoiding known 
problem areas. 
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Chapter 2 
 
Materials and Methods 
 
2.1 Introduction 
  
 Two different probe designs have been constructed from which testing was 
conducted.  The first probe was an initial attempt to build a complete, functioning 
MFHPP suitable for testing and analysis. The second MFHPP contained many 
modifications and improvements based on study and analysis of the first one.  This 
second MFHPP was later used to conduct all tests and produced the results presented in 
the later sections of this thesis.  The outline for construction of both probes stemmed 
from previous literature but mainly that which was presented in Mori et al. (2003).   At 
certain places where it was believed necessary for the improvement or advancement of 
the project or where instruction was lacking, further development was made at our 
discretion.  This was done after consulting other experts in the field within the 
Biosystems Engineering and Soil Science Department, at The University of Tennessee.  
We believe some of these modifications are novel in nature.   The following describes 
construction of both MFHPP’s in detail as well as methodology for collection of heat 
pulse data using repacked soil columns.  The methodology section is more or less listed 
in chronological order, as major steps towards advancement of a useable MFHPP where 
completed. 
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2.2 Construction of PVC Bodied MFHPP 
 
2.2.1 Introductory Note 
 In the summer of 2005, work first commenced on trying to duplicate a MFHPP.  
This work was initially conducted by Josh Arnold, with the aid of other members of the 
faculty and staff of the Biosystems Engineering and Soil Science staff at The University 
of Tennessee.   Work was continued to its present state by myself and others mentioned 
previously beginning in the summer of 2006. The Mori et al. (2003) paper served as the 
blueprint for a general idea of what the MFHPP should look like and the probe’s overall 
functionality.  Some of the methods of construction presented in the following section are 
taken from unpublished notes left from Josh Arnold.  
2.2.2 General Construction 
 
 Figure 3 is a display of the face of the MFHPP and the numbers show relative 
needle/sensor placement along with the completed external casing.  Needles 1-4 make up 
a Wenner array which is used to measure soil bulk electrical conductivity.  Needle two 
housed two loops of resistance heating wire. Nichrome-80 Alloy wire (Pelican Wire Co.; 
Naples, FL) was chosen, due to its ideal resistance per length 68.34 ohms ft
-1
.  The 
resulting resistance of the length of wire used was approximately 100 ohms (measured 
using a FLUKE© 75 Series II Multimeter).  Needles 1,3,5 and 6 housed thermistors 
(0.46mm-diam., 10kohm resistance at 25C, model 10K3MCD1, Betatherm Corp., 
Shrewsbury, MA) to make temperature measurements.  Thermistors are a common  
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Figure 3. (a) Arrangement and relative location of the various needles 
corresponding to their individual utility as described above. (b)  Picture of the 
completed body of the MFHPP including PVC shell and conducting cable. 
 
(a) 
(b) 
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instrument to measure temperature and have been shown to be accurate in a variety of 
applications in other studies.  These particular models are some of the smallest available, 
and are therefore ideal for placement in a small gauge needle. 
 The needles used were 18 gauge stainless steel (1.27mm o.d.) 1-1/2” long needles 
(Small Part, Inc.; Miami Lakes, FL) and would house the thermistors and heater while 
serving as the conductors for the Wenner array.  All needles were filled with a thermally 
conductive epoxy (50-3151 FR, Epoxies, etc.; Cranston, RI), mixed with Catalyst # 190 
(Epoxies, etc.; Cranston, RI) which was chosen for its high thermal conductivity (9.0 Btu 
in ft
-1
 hr
-1
 °F
-1
) and low viscosity 5000 cPs so it could be injected with a syringe.  The 
best mixture of resin to catalyst was found to be 100:5.  The needles were filled by first 
removing the Luer hubs.  Once the appropriate components were inside the needles one 
end was capped with a standard quick setting epoxy (OmegaBond) to ensure none of the 
thermally conductive epoxy flowed out.  After this had set, the thermally conductive 
epoxy was injected with a syringe.  Needle 4, which did not contain a temperature sensor 
or a heater, was simply filled with epoxy.  The filled needles were then allowed to sit and 
cure for 24 hours.   
2.2.3 MFHPP Body Assembly 
 The sensor shell was 3” long with a 1” outside diameter PVC pipe which would 
house the wiring and control board (Fig. 4).  A 1” plug was fixed to the end of the pipe.  
Six holes with 3/64’ diameter were drilled into the end of the plug 6mm apart, arranged 
as shown in Figure 3.  The lead wires of the thermistors and heater were threaded through 
the holes, and all six needles were press fit into the cap.  It was better to lead the holes  
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Figure 4. Polyvinyl Chloride (PVC) body shell and internal components of MHFPP 
(control board) exposed. 
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with shorter needles first to prevent flexing of the sensors.  Four wires (yellow, orange, 
red and black) of the Wenner array were affixed to needles 1, 2, 3, and 4 respectively, 
using electrically conductive epoxy resin (40-3905, Epoxies, etc.; Cranston, RI).  EC 
resin was used because of the impracticality of soldering wires to stainless steel, and the 
small void space available.  Wire leads attached to the conductors of the Wenner array 
were connected to a control board described in detail later.  A 25 conductor shielded 
cable of a given length ran from the control board through the back of the unit via a hole 
in 1” PVC cap.  This cap could be removed as needed. 
2.2.4 MFHPP Control Board 
 
 The printed circuit control board was cut to the dimensions of 4” x 7/8” wide.  It 
received control signals from the data logger and relayed them to the individual probe, 
the probe sensors, and heater.  It was also responsible for controlling pre-processing 
amplification of temperature and conductivity measurements from the MFHPP.  The 
control board processes can be broken down into three major sections; those controlling 
heater function, thermistor control and Wenner array control.  Schematics of the circuit 
design can be seen in Figures 5 and 6.  Figure 5 is the schematic for the first cut board.  
This board utilized screw terminals to make connections to the MFHPP and from the 
datalogger.   Figure 6 shows the schematic with minor changes to the heater circuit.  The 
major change is the placement of the transistor to control heater function.  In Revision 2 
(Fig. 5) the transistor was used to switch 12V.  In Revision 3 (Fig. 6) the transistor was 
used to switch ground, which, is the proper function of this component.  In addition the 
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Figure 5.  Circuitry diagram of MFHPP control board. 
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Figure 6. Revised circuitry diagram for MFHPP control board.  Major modification noted is change in placement of resistor in 
heater circuit. 
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control board cut to represent Revision 3 relied on hard-wiring of leads as opposed to 
screw terminals.  This method is generally preferred past the prototyping stage.  Figure 7 
shows and overhead diagram of the face of the control board and relative placement of 
components along with notes describing input at that location.  This overall setup did not 
change between revisions 2 and 3 only the aforementioned circuit. 
2.3 Component Functionality 
 
2.3.1 Wenner Array 
 
 In a Wenner array four equally spaced needles act as electrical conductors, 
whereby a known current is passed through the outer two needles (1 and 4) and a 
differential voltage measurement is made between the two inner needles (2 and 3).  A 10 
ohm reference resistor was positioned at the excitation end of the circuit leading to needle 
1.  A differential voltage measurement (Vf) was made across the reference resistor (Rf), 
and a second differential voltage measurement was made between needles 2 and 3 which 
should theoretically be the resistance of the medium between the two pins (Rs). The 
datalogger can then output the ratio Vf:Vs which by Ohm’s Law is equivalent to the ratio 
of resistances Rf:Rs.  Because the conductivity varies inversely with the resistivity of the 
medium, the bulk electrical conductivity (ECb) is given by (Mori et al., 2003) 
          fsb VcVEC /=                                                            [17]   
Where c corresponds to the cell constant of the Wenner array, which is a function of the 
magnitude of the reference resistor and the alignment of the sensor, and is determined 
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Figure 7. Diagram of MFHPP board layout (overhead view). 
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empirically to account for error inherent in the construction of the sensor.  Figure 8a 
shows the Wenner array wiring diagram. 
2.3.2 Heater 
 Heat was generated by applying a voltage to the two loops of Nimchrome-80 wire 
via a 12V supply for 8 seconds.  Because of the 5V limit on the control channels of the 
datalogger, a transistor (2N4401) was necessary to control the application of 12V from an 
external source to the circuit for 8 seconds.  The transistor was controlled via a 5V signal 
from the control port of the datalogger (Fig. 8b).  
 In order to determine the variable current in the circuit, a 1ohm current –sensing 
resistor (Vishay, VPR5, 0.1% tolerance) was connected in series to the front end of the 
circuit from the transistor (Fig. 8c), and a differential voltage measurement was taken 
across it every 1 second.   
 The resistance of the current sensing resistor was assumed to be constant 
throughout the 8 second interval.  Vishay reports the temperature coefficient of resistance 
as 10 ppm °C
-1 
for the 1ohm resistor while Pelican Wire Co. reports a temperature 
coefficient of resistance of +85 ppm °C
-1
.  Assuming that the change in resistance of the 
resistor is negligible, it was only necessary to measure the voltage drop across the resistor 
and divide by its constant resistance of 1ohm in order to determine the current.  The 
current supplied to the heater over time can be monitored by the voltage drop (∆V) across 
the 1 ohm reference resistor mounted in series with the heater.  Energy input per unit 
length of heater per unit time q’ is,               
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Figure 8.  (a)  Diagram of Wenner array function. (b) Transistor control which 
allows heater to turn on when switched by datalogger program.  (c)   Placement of 
current sensing resistor in heater circuit which allows for determination of current 
to the heater. 
(a) 
(b) 
(c) 
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            hr RRVq
2)/(' ∆=                                                     [18] 
where Rr is the resistance of the resistor is series and Rh, is the resistance per unit length  
 
of the heating element (Ω m
-1
).   
 
2.3.3 Thermistors 
 
 In each circuit the thermistor was placed in a half bridge circuit with a 200 ohm 
resistor positioned on the top-side of the circuit (Fig. 9).  The mV resistance 
measurements were then related to temperature because of the close relationship between 
the resistance of the thermistor and temperature.  This dependence can be modeled with 
accurately according to the Steinhart-Hart equation (Steinhart and Hart, 1968): 
     3)(ln)(ln
1
RcRba
T
++=                                            [19] 
Where T is temperature in K, R is the resistance in ohms and a, b and c are constants.  
The manufacturer supplies values the coefficients of 1.129241 x 10
-3
, 2.341077 x 10
-4
, 
and 8.775468 x 10
-8
, respectively.  The resistance of the thermistor at any given 
temperature can then be solved for.  The manufacturer also indicates that at 25 °C the 
resistance is 10k ohms.  The temperature reference points done by the manufacturer are 0, 
25, and 70 °C.  Once the range of temperature and resistances are solved in this range, 
mV output can be determined for our circuit through an equation for a voltage divider.  
For our circuit this equation is, 
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Figure 9.  Schematic of the thermistor circuit highlighting their relative location in a 
half bridge circuit. 
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Where Rf is the fixed resistance in series with the half bridge circuit, Rt(T) is the 
resistance per temperature °C, Vexc is the excitation voltage and Vout is the voltage 
output from the datalogger.  Figure 10 displays the fifth order polynomial along with the 
calibration equation relating temperature to mV output.  Since this full range of 
temperatures wasn’t necessarily of use to this experiment it was reduced to the expected 
range of temperatures i.e. 15-25 °C.  This resulted in a linear function seen in Fig. 10 
with the calibration equation y = -283.78x + 1416.4, with an r
2
 = 0.9973 to directly relate 
thermistor output (mV) to temperature.  The sensitivity of this circuit was (-)0.00351 mV 
per °C, and the resulting resolution was 0.1878 °C.  Resolution is calculated from the 
Campbell listed 21X resolution of 0.66 µV at the (+/-) 5 mV input range, and the 
calibration equation (Fig. 10) 
2.3.4 Wiring Scheme 
 
 A set wiring system was used to connect the sensors to the control board and the 
control board to the datalogger.  The Wenner array had 22 gauge stranded wires soldered 
directly to the stainless steel needles, and the thermistors and heater needed extra wire 
soldered to the leads so they could be inserted in the screw terminals of the control board.  
A set color scheme for the wires was developed and was the same from the sensors to the 
board and from the board to the datalogger except for the four wires stemming from the 
Wenner array which used the colors specified above.  Table 1 shows the color coated 
systems for wiring used to make all connections  
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Figure 10.  (a) 5th order polynomial calibration curve used to relate mV output to 
response to temperature, generated from manufacturer’s specifications and system 
(circuit) setup. (b) Simplified linear calibration through temperature region utilized. 
(a) 
(b) 
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Table 1.  Wiring Scheme Utilized for the Connections to and from MFHPP, Control 
Board, and Campbell Datalogger 
 
Location Color 
SE1 Green w/ Black + White 
SE2 Green w/ Black 
SE3 Green 
SE4 Green w/ White 
Ex. 1 Red 
Ex. 2 Red w/ White 
Diff. 3+ Orange  
Diff. 3- Orange w/ Black 
Ex. 3 Red w/ Green 
Diff. 4+ Blue 
Diff. 4- Blue w/ Black 
Diff. 5+ White w/ Red and Black 
Diff. 5- White w/ Red 
Heater 12V Red w/ White and Black 
Transistor 5V Red / Black 
Thermistor Ground Black 
Wenner Ground Black w/ White and Red 
Heater Ground Black w/ Red 
Transistor Ground Black w/ White 
 
 
3.3.5 Campbell 21X Datalogger Setup and Commands 
  
 A CSI© 21X datalogger was utilized to control MFHPP function, collect and 
begin pre-processing of data, allow for data retrieval, and provide background 
environment data useful to proper function.  Following the wiring listed above channels 
5-18 were used for the single ended temperature measurements.  Diff 1 (channel 1 and 2) 
were the wires on either side of the 10 ohm resistor which made the reference resistance 
measurement for the Wenner array.  Diff channel 2 served as the hookups for legs two 
and three of the Wenner array so that leg two was high (Channel 3) and leg three was low 
(Channel 4) respectively.  Diff 5 (channel 9 and 10) were on the either side of the current 
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sensing resistor to make the measurement of current to the heater. Four grounds 
(thermistor, Wenner array, transistor, heater), a 12 V and 5V line, and a control port were 
also utilized on the face of the datalogger.  Excitation 1 pulsed thermistor 1 and 2, 
excitation 2 controlled thermistor 3 and 4, and excitation 3 controlled the Wenner array. 
 Edlog software (PC208W Version 3.2) was used to write the control program
1
 for 
the 21X datalogger.  This program was set to run two program tables.  The first which ran 
every second collected the background data (i.e. internal temperature, battery voltage, 
timer), temperature data and electrical conductivity data.  The important commands to 
note are those running the thermistors, heater, and Wenner array.   
 All four thermistors were controlled with a P4 command i.e. excitation with 
delay. An excitation of 5mV was applied across the bridge, and a single ended voltage 
measurement was made simultaneously between the thermistor and the resistor, utilizing 
nearly all of the 5mV input range of the datalogger.  Two thermistors were excited per 
excitation channel and a common ground was tied to all four.  The mV resistance 
measurements were then related to temperature because of the close relationship between 
the resistance of the thermistor and temperature. 
 The Wenner array is controlled using a P9 command of the CSI 21X datalogger 
i.e., full bridge with excitation compensation, the ratio of Vs/Vf was measured.  The P9 
command executes an excitation (500 mV was used) and simultaneously makes two 
differential voltage measurements across two resistors, the reference resistor Rf and the 
medium analyzed Rs.  The functions output is the ratio of voltages Vs/Vf.  Program table 
2 controlled heater function.  It was set to run every 15 minutes (900 seconds) which was 
                                                 
1
 All datalogger programs can be found in the appendix 
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determined to be the length of time long enough to allow full dissipation of remaining 
heat from previous heating sessions.  At this point control port 1 was set high through a 
P86 i.e. “Do” command.  This supplied the current necessary to open the transistor 
completing the circuit and allowing 12V to the heater. A simple excitation with delay 
command was inserted and a delay of 8 seconds was applied, but no port was set to pulse 
in the meantime.  After this pause control port 1 was set low using the same P86 
command.  In addition in table 1 current to the heater was monitored every second using 
a P2 differential voltage measurement of the current sensing resistor. 
 The output flag of the datalogger was set high every second sampling on all reps 
(locations) at real time i.e. year, day, hour/minute, seconds (midnight = 2400).  Data was 
uploaded from the Campbell through the COM port connected to a nearby computer so it 
could be saved under the appropriate files in notepad.  
2.4 Preliminary Testing of PVC Bodied MFHPP in Sand 
 
2.4.1 Column Construction for Testing 
 
 A 4” outside diameter PVC pipe cut to a length of 12” was converted to a column to 
be utilized to conduct tests to determine properties of interest of various media.  The pipe was 
capped at one end with a 4” cap.   This end-cap was tapped and fit a 3/8” barb, 3/8” NPT 
brass fitting.  This would allow for the column to be saturated and drain freely without 
allowing for passage of the soil materials.  To further insure this, a cheesecloth plug was 
inserted in this void space of the fitting as well.  A 1 ½”diameter hole was cut in the side of 
the pipe so the sensors could be inserted into the soil.  For extra support a 1 ½” diameter PVC 
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pipe just slightly larger then the sensor shell was affixed perpendicular to the vertical pipe.  
This smaller pipe was cut so that the end to be attached had an arc similar to that of the 
outside of the pipe.  It was then plastic welded to the 4” diameter pipe.  This served as a 
shoulder so that the sensor was inserted into this collar and then into the pipe so that the 
weight of the probe could be easily supported and remain level (Fig. 11). 
2.4.2 Wenner Array Calibration 
 
 To determine the cell constant (c), the Wenner array was submerged in five 
distinct KCL solutions, varying in molarity from .001M to .01M.  These were made by 
mixing appropriate ratios of 3 standards (0.01, 0.1, and 1.0 Normal KCL) received from 
Ricca Chemical Company, (Cat. No. 5895-16, 5894-32, and 5893-32, respectively) which 
had conductivities listed in the supply data sheets.  Conductivity was related to molarity 
of these solutions through an equation developed from the CRC handbook (Fig. 12).  The  
ratios of the voltages for each solution were recorded and then used to divide by the 
known electrical conductivities.  Measurements of Vs/Vf were made every 5 seconds and 
averaged over a minute for each solution.  A linear fit between conductivity and voltage 
ratio resulted in an r
2
 of 0.9931 with a cell constant of 0.1043x + 0.019 (Fig. 12). 
2.4.3 Experimental Setup 
 
 After construction was completed, primary testing began.  The first tests were to 
be done on a sand column which was in line with what previous studies conducted their 
tests on.   The column was packed with play sand purchased from Home Depot©.  A 
predetermined spot was marked off inside the column as the fill line so that the volume of 
the column was determined from these dimensions.  The sand was packed in stages,  
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Figure 11.  Final setup of column with MFHPP used for testing of sand material. 
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Figure 12.  (a)  Plotted data from the CRC handbook that relates molarity to 
conductivity of KCl.  (b)  Plotted response of the MFHPP Wenner array in mV mV-
1 versus conductivity of the KCL solution to determine bulk EC calibration. 
(a) 
(b) 
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carefully taking mass measurements along the way. In the end the final mass was divided 
by the volume to determine bulk density.  Using the bulk density and a value of 2.65 for 
particle density porosity was determined.   
                            )1(
s
b
ρ
ρ
ε −=      [21] 
 At saturation porosity equals the water content.  The column was then saturated 
from the bottom slowly over a 24 hour period using a Marriot device to ensure all air was 
removed.  Once the sand was completely saturated testing of the MFHPP could 
commence using the datalogger program as described above.  A laboratory power supply 
(Sorensen, Model QRC40-4A), provided 12V DC to the Campbell and progress could be 
monitored through the EDLOG program over time.   
2.4.4 Problems Identified from the Preliminary Testing 
 
 It became evident very quickly that there were major concerns which needed to be 
addressed before useful analysis of data for determination of soil properties could be 
performed.  These were mainly, reworking of the heater circuit, improvements of 
thermistor signal from the MFHPP, and overall improvement of body construction.  Even 
after the modifications noted in Rev. 3, the heater circuit still did not function properly.  
In addition the programming used by the data-logger to switch the heater on for exactly 
eight seconds caused problems because the command bogged down all the other 
functions causing it to pause temporarily and in the meantime 8 seconds of data which 
were vitally important to analysis were lost.  This meant that the heater had to be 
switched manually (and supplied with its own 12V source separate from the data-logger) 
which caused significant error due to the uncertainty in heat application and meant 
 41 
supplemental power was necessary.  Another issue with the heater was that it appeared 
that not enough heat was being generated for optimal analysis.  The heater only drew 
~160 milliamps of current. In addition it was believed that a majority of this heat was lost 
in the void space of the sensor shell.  Overall this caused the temperature response curve 
peaks to be small and prone to error.   
 The temperature responses in general were very unstable as well.  The causes of 
this were to be investigated as it introduced doubt in to what the true temperature values 
were.  It seemed at first glance that the signal was receiving significant noise or 
interference. 
 Also significant to the improvement of the probe was better overall probe 
construction.  There were serious issues with waterproofing the device; even though only 
less than 3 to 4 inches of hydraulic head water penetrated the probe causing the circuitry 
to short out. In addition this current construction was not practical in terms of size and the 
ability to make modifications or corrections on the fly.   
2.4 Construction of a Modified MFHPP 
2.4.1 Introduction 
 
 Keeping in mind the concerns expressed above, work commenced on the 
development of a newly designed MFHPP.  Following the prior discoveries a major 
overhaul in manufacture occurred resulting in redesigning the probe’s construction and 
functionality.  This new design was to accomplish a few major objectives namely: 
1) Completely rework heater circuit to function as desired.  This included 
generating a significant amount of heat for proper analysis, for exactly eight 
seconds, and be able to do this automatically on schedule. 
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2) Improve the thermistor and Wenner array signals so they are more stable. 
 
3) Improve body construction to make more impervious to water, reduce overall 
size, increase rigidity, and allow more ease of maintenance to control circuitry. 
 
2.4.2 General Construction 
 
 The thermistors were configured in the same arrangement as described above.  Four 
sensors (probes 1,3,5,6, Fig. 3) housed thermistors (0.46mm-diam., 10kohm resistance at 25 
°C, model 10K3MCD1, Betatherm Corp., Shrewsbury, MA) which were inserted from the top 
half way down the length of the needle.  This was done while the Luer hubs where still 
attached.  The leads were marked with a Sharpie© indicating the appropriate depth to be 
situated in the middle of the needle.  The wire was then bent back and taped down to the 
needle.  The needles were then attached to the syringe so that a thermally conductive epoxy 
(50-3151 FR, Epoxies, etc.; Cranston, RI), mixed with Catalyst # 190 (Epoxies, etc.; Cranston, 
RI) which was chosen for its high thermal conductivity (9.0 Btu in ft
-1
 hr
-1
 °F
-1
) and low 
viscosity 5000 cPs ,could be drawn into the needles to fill the void space thus making them 
water proof.   The epoxy was drawn in until it began visually filling the syringe.  This assembly 
process seemed better at ensuring that as much air was removed as possible from the needles, 
which is vital.   After curing for 24 hours, the hubs were then removed with a straight edge.  
Many (approximately 20) needles were filled in this similar manner. 
 The heater was constructed in a much similar fashion.  Two loops of nichrome 
wire Nichrome-80 Alloy wire (Pelican Wire Co.; Naples, FL) were threaded through the 
needle.  The length of the wire used was 17.2 cm and the resulting resistance was 49 
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ohms.  The needle was filled with epoxy to set the wire in place and to ensure it was 
waterproof and electrically isolated.  
 The overall setup of the four legs of the Wenner array were the same as listed 
above.  The last pin, pin six, was filled with epoxy as the others.  This again served as the 
ground for the probe.   
2.4.3 Probe Head Body Assembly 
 
 The most dramatic difference to the new design was separation of the control 
board from the probe head and its sensors.  This served a number of useful purposes.  The 
first being reducing the overall size of the probe to be inserted in the soil, thus increasing 
the MFHPP’s utility.  In addition the probe head could be constructed out of a more 
permanent sturdy material which would be more robust and more impervious to water.  
Separating the probe head from the control board allowed for quick maintenance of the 
control circuitry and components, something which was a major issue with the previous 
design.  Finally, separation of these two increased the measurement accuracy of the 
sensors as will be described in more detail later.   
 The MFHP probe head was constructed as follows.  A small 3/5” x 4/5” circuit 
board was cut (Fig 13).  This board had pre-drilled holes the diameter of the stainless 
steel sensor probes.  These would serve as the anchors and stabilizers for sensors.  They 
were configured in the same arrangement as described above (Fig. 3).  This would also 
allow for the electrical connection necessary to complete the Wenner array.   The needles 
were set near flush (approximately 5mm were exposed) with the top of the probe head 
board (Fig. 13).  The exposed wires from the thermistors and the heater on the top side of 
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Figure 13.  (a) Schematic for MFHPP probe head board and (b) picture highlighting 
board before and after addition of sensors and relative wiring. 
(b) 
(a) 
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the board were trimmed and soldered to their appropriate pads.  Both heater wire and 
thermistors had enamel which was removed with a strait edge razor to expose the 
electrical wire underneath.  This feature was a vast improvement on the previous design 
because it minimized the amount of heater wire exposed while at the same time 
maximizing not only the heater output, but also the heat output to the soil.  Space was 
maximized on this board to reduce size.  A 10-conductor braided wire cable was 
connected to appropriate locations on the board which would relay signal to the control 
board (Fig 13).  The color scheme of this new arrangement can be seen in Table 2. 
Once this step was completed the entire probe head was “potted” in a specially made cast 
(Figs. 14 and 15) using epoxy (50-3151 FR, Epoxies, etc.; Cranston, RI), mixed with  
Catalyst # 190 (Epoxies, etc.; Cranston, RI).  The sensor’s needles and cable were fit  
 
snuggly through precut holes in the front and back of the cast.  This allowed for the probe 
 
 
 
Table 2.  Wiring Scheme Utilized for Modified MFHPP 
 
Location Color 
SE1 (therm1) Purple 
SE2 (therm2) Orange  
SE3 (therm3) Green 
SE4 (therm4) Gray 
Ex. 1 (thermistor) Brown 
Ex. 2 (Wenner array) Yellow 
Diff. 3+ Blue 
Diff. 3- Black 
Heater + Red  
Heater/Wenner - White 
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Figure 14.  AutoCAD schematic of MFHPP cast (front). 
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Figure 15.  (a) Picture of actual cast used to “pot” MFHPP and (b) before and after 
“potting” image of MFHPP. 
(b) 
(a) 
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to remain free of contact with any of the sides of the cast.  There was at least 3-5 mm of 
relief on average from all locations.  The front of the board was pushed as close as 
possible to the front wall of the cast to maximize probe exposure to the soil post-casting.  
Epoxy was added into the mold and allowed to set.  The cast then can be disassembled by 
the screws set in the walls, and removed so that a hardened, sturdy water proof probe 
head remained.  Pre- and post-potting pictures can be seen in Fig. 15. 
2.4.4 Control Board 
 The printed control board housed all of the components and circuitry which would 
relay signals from the thermistors and Wenner array to the datalogger as well as control 
heater function.  As stated it remained it own separate entity, apart from the MHFPP 
probe itself.  Major modifications of note concern both the heater control and relay of 
thermistor and Wenner signal.  Concerning the latter, improvements on previous probe  
design included utilizing 10k (1%) ohm resistors on the “front-end” of the single ended  
thermistor signal (Fig. 16).  The overall size was 3” x 5” and pictures of the top side and 
the bottom sides of the control panel can be seen pre and post addition of the electrical 
components in Fig. 17.  At a maximum excitation of 2.5V supplied by the data-logger, 
this reduced the effects of noise on the thermistor signal as well as increased the overall 
measurement sensitivity and resolution.  This modification also involved rearrangement 
of our initial voltage divider equation i.e. 
                   )(
)(
EXC
TF
F
out V
TRR
R
V
+
=                                             [22] 
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Figure 16.  Thermistor circuit highlighting their new relative location in a half 
bridge circuit. 
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Figure 17.  (a) Top and (b) bottom side of the MFHPP control board. 
(b) 
(a) 
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 Utilizing Eq. 22, mV output could be related to temperature with an Rf equal to 
10,000 ohms and a Vexc of 2500mV.  Millivolt ouput was related to temperature again as 
shown in Fig. 18. While a fifth order polynomial fits this relationship perfectly (r
2 
= 1) 
(Fig. 18), the range was reduced to that of the temperatures expected during testing (15-
25 °C).  The results of this change are shown in Fig. 18 which provided the calibration 
curve as well. 
 These modifications produced an increase in sensitivity (27.801 mV °C
-1
) and 
improved resolution to 0.024 °C.  Resolution was determined in a similar manner to that 
previously described.  However using the CR10X datalogger the listed measurement 
resolution is 666 microvolts at the 2500mV full input range.  Increasing the input range 
greatly reduced the effects of surrounding noise by increasing the signal to noise ratio. 
 A similar modification was made to the Wenner array.  This was accomplished by 
switching to a 50 ohm (1%) resistor rather then the 10 ohm resistor previously used.  This 
accomplished the same task as with the thermistors by producing a more stable 
measurement with a greater signal to noise ratio.   
 The heater circuit received the greatest attention and many significant 
improvements were made.  A precision timing chip (NE555, Texas Instruments, Dallas 
Texas) with a relay (Part #HE21A0500, Hamlin USA, Thief River Falls, MN) was used 
to supply 12 volts to the heater for exactly 8 seconds (accurate to thousands of a second).  
This could be tuned precisely because of the relationship between this size of the resistor, 
capacitor, and input voltage to charge rate and thus pulse width i.e. timing interval.  Once 
values for these components were appropriately sized to get in the general range needed, 
the heater cicuit could be fine tuned using a variable resistance “Ra” (potentiometer).  An 
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Figure 18.  (a) 5th order polynomial calibration curve used to relate mV output to 
response to temperature, generated from manufacturer’s specifications and system 
(circuit) setup. (b) Simplified linear calibration through temperature region utilized. 
(b) 
(a) 
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oscilloscope could be implemented to adjust the resistance to the needed level to produce 
8 second heater cycles.  With these modifications the entire probe could be run off the 12 
and 5 volt Campbell© outputs.   This eliminated prior issues which meant that the probe 
had its heater switched on and off manually.  Errors in heating duration propagate to 
errors in soil property estimation. 
 Overall, less ground wires were used in the design circuit as well, which reduced 
the size of the conductor cable.  The thermistors were grounded all together on the 
control board, and the Wenner array and heater shared a ground on the probe head board 
which eventually was tied into the ground on the data logger.  The current used by the 
Wenner array was insignificant compared to the current used by the heater (0.664 
milliamps versus ~275 milliamps).  Figures 19 and 20 illustrate the circuitry and control 
board diagram incorporated all of these new modifications. 
2.4.5 Thermistor Validation  
 One important process of thermistor construction was running evaluation tests on 
the completed sensors. This was done to ensure that all thermistors chosen were not only 
tracking temperature change accurately, but to also choose four sensors which were most 
alike.  A prototyping socket board was set up to match the circuit used to make 
temperature measurements as described above.  This setup allowed for 10 sensors to be 
tested at once.  Ten channels on a CR10X data-logger were utilized to make single ended 
temperature measurements which were converted to temperature in °Celsius.  An ice 
water bath was established with a magnetic stir bar inside.  The 10 sensors were placed in 
the bath and allowed to equilibrate.  The water bath was then placed on a hot plate.  The  
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Figure 19.  Schematic illustrating the final revision of the control board. 
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Figure 20.  Diagram of individual components and their placement on MFHPP control board.
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Measurement points were established at 5 °Celsius increments from 0 to 100.  After 
visual checks were conducted during the experiment, thermistors which had similar 
temperature responses were plotted against the thermocouple response over the 
experimental temperature range.  Figure 21 shows this relationship for the four 
thermistors chosen to be used in the new probe design. 
2.4.6 Campbell CR10X Datalogger Setup and Command 
  
 A CSI© CR10X datalogger was utilized to control MFHPP function, collect and 
begin pre-processing of data, allow for data retrieval, and provide background 
environmental data useful to proper function.  Channels 1-4 were used for the single 
ended temperature measurements.  Diff channel 3 (channel 5 and 6) were the wires on 
either side of the 50 ohm resistor which made the reference resistance measurement for 
the Wenner array.  Diff channel 4 served as the hookups for legs two and three of the 
Wenner array so that leg two was high (Channel 7) and leg three was low (Channel 8) 
respectively. Two grounds (thermistor/Wenner array and heater), a 12 V and 5V, and a 
control port were also utilized on the face of the datalogger.  Excitation 1 controlled 
thermistor 1, 2, 3 and 4, and excitation 2 controlled the Wenner array.   
Edlog software was used to write the control program for the CR10X datalogger.  
This program was set to run two program tables.  The first table, which ran every second 
collected the background data (i.e. internal temperature, battery voltage, timer), 
temperature data and electrical conductivity data.  This program can be seen in the 
appendix.  The important commands to note are those running the thermistors, heater, and 
Wenner array.   
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Figure 21.  Results of thermistor validation highlighting 4 which were chosen as 
mates for one MFHPP. 
 
  
 The thermistors were controlled with a P4 command i.e. excitation with delay. An 
excitation of 2500mV was applied across the bridge, and a single ended voltage 
measurement was made simultaneously between the thermistor and the resistor.  The 
input range was increased to 2500mV fast range with 60 Hz rejection.  This would help 
eliminate any potential noise by improving the signal to noise ratio, and increased 
measurement sensitivity and resolution as shown in Fig 18.  Four thermistors were 
excited per excitation channel and a common ground was tied to all four.  The mV 
resistance measurements were then related to temperature because of the close 
relationship between the resistance of the thermistor and temperature.  A P55 polynomial 
function was used to relate the voltage measurements to temperature.  The calibration 
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developed for this new circuit arrangement was applied to relate millivolt output to 
temperature. 
 The Wenner array was controlled using a P9 command of the CSI© 21X 
datalogger i.e., full bridge with excitation compensation, the ratio of Vs/Vf was 
measured.  The P9 command executes an excitation which was again increased to 
2500mV and the input range for both the excitation leg and the bridge were also 
increased to 2500mV.  This helped accomplish the same goal as mentioned above.  Using 
this output range causes the output to be 1000 times what it actually is.  Some simple 
mathematical functions were used to covert this to a usable value.  A P36 command was 
used to multiple the mV output by 0.0001 which would produce the true resistance ratio 
and then a P42 command took the inverse of the previous result.  This could then be 
multiplied by the cell constant to yield the bulk EC. 
 Program table 2 controlled heater function.  It was set to run every 15 minutes 
(900 seconds) which was determined to be the length of time long enough to allow full 
dissipation of remaining heat from previous heating sessions.  At this point control port 1 
was set high through a P86 command.  Then a simple excitation with delay command 
was inserted with no delay, and no port was set.  This was simply inserted to keep the 
program from moving too fast that the precision timing chip wouldn’t realize the “flip” of 
the trigger.  After this pause, control port 1 was set low using the same P86 command.  In 
addition in program table 1, current to the heater was monitored every second using a P4 
single ended voltage measurement of the current sensing resistor.  This was also set to the 
2500 mV fast range because the current to the heater was now over 250 milliamps, 
greater then the next lowest input range. 
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 The output flag of the datalogger was set high every second sampling on all reps 
(locations) at real time i.e. year,day,hour/minute,seconds (midnight = 2400).  Data were 
uploaded from the Campbell through the COM port connected to a nearby computer and 
saved as appropriate files available in notebook. 
2.5 Heat Pulse Data Collection and Estimation of Properties for 
Various Soil/Materials 
2.5.1 Soils and Soil Materials 
 
 Six different materials were chosen to be analyzed using our newly constructed 
MFHPP.  The first material was the same sand bought from Home Depot© as described 
in Section 2.4.3.  Testing of the MFHPP in sand is in line with most previous studies and 
would is considered ideal in terms of low variability (heterogeneity) and low likelihood 
of additional problems such as swelling etc.  This would readily allow a comparison to 
the results of the previous tests conducted on the first probe.  The tests were also 
performed on five soil series at the time available in quantity and believed to have 
different textures, to examine how this property in general affected our overall estimates.  
The same column was reused and repacked with the new soil each time. These included a 
Holston silt loam (fine-loamy, siliceous, semiactive, thermic Typic Paleudults), Loring 
silt loam (fine-silty, mixed, active, thermic Oxyaquic Fragiudalfs), Sequatchie loam (fine-
loamy, siliceous, semiactive, thermic Humic Hapludults), Captina sandy loam (fine-silty, 
siliceous, active, mesic Typic Fragiudults), and Etowah silty clay loam (fine-loamy, 
siliceous, semiactive, thermic Typic Paleudults) soil series (SSS, NRCS).  The physical 
properties of these soils and the sand are presented in Table 3.  Determination of bulk  
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Table 3.  Physical and Thermal Properties of Soils and Thermal Properties of Water 
. 
 
Soil ρb, kg m
-3
 θs, m
3
 m
-3
 сs, J kg
-1 
K
-1
 PSD, %  С, kJ m
-3 
K
-1
 
Sand 1460 0.45 863.5 100/0/0 3139 
Holston 1308 0.49 587 24/48/28* 2809 
Loring  1336 0.50 658.5 1/84/15‡ 2954 
Sequatchie 1175 0.56 650 71/19/10† 3087 
Captina 1243 0.53 624 56/26/18† 2997 
Etowah 1232 0.54 619 19/37/44† 3002 
* Lessig H.D., 1964       
† Seo, Y., 2006      
‡ Rhoton et al., 1998      
Thermal Properties of Water (at 20°C)    
ρw, kg m
-3
 998.2      
сw, J kg
-1 
K
-1
 4181.6     
Сw, kJ m
-3 
K
-1
 4174     
κw, m
2
 s
-1
 1.436 x 10
-7
      
 
 
density, water content, specific heat of the solids, and heat capacity is explained in 
Section 2.5.3.  Particle size distribution (% sand/silt/clay) was found from other studies 
using the same soil series.  Included in the table are other important values for the 
properties of water which are needed for estimation of thermal properties (Mori et al., 
2003).  Each media was tested in a similar fashion described below i.e. first analyzed at 
no flow conditions for thermal properties and water content, and then flow was initiated 
through the column and heat pulse data were again collected. Thermal properties and 
water content were determined using all four of the calibration techniques to be described 
later in this report including the traditional agar(full heat) along with 3 newly developed 
ones: agar(reduced heat), physical, and quasi-empirical. 
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2.5.2 Column Construction 
 
 For this series of tests a different column was constructed and utilized.  The 
column still employed a 4” o.d. PVC.  However the height of the column was cut down 
from previous testing to decrease the amount of soil necessary to conduct the tests.  In 
addition the bottom of the column was changed from a PVC cap to a plug.  A 3/8” 
diameter hole was cut and a PVC Schedule 40 plastic fitting (D2466 ½” x ¼”) was 
adhered to one side of the hole and fit with a 3/8” barb, 3/8” NPT brass fitting. The cap 
was super glued in place and a bead of silicon caulk ensured a water tight seal.  This was 
mainly due to a concern that the rounded bottom cap, while helping to direct flow better 
toward the outlet, caused packing to be less uniform and could have caused too much 
variation in bulk density and thus water content. The smaller column with a flat bottom 
would alleviate this concern. It was not believed that this would produce a significant 
effect on flow patterns to be of concern due to the higher vertical positioning of the probe 
and the low flows expected during testing.  The final major difference was the opening 
cut in the side of the column.  To accommodate the new probe design, a 1 3/8” x 1 1/8” 
window was cut in the side of the column, 2” from the bottom.  The probe then could fit 
snuggly inside this opening and was set flush to the inside of the column.  This ensured 
maximum exposure of the needles to the soil.   
 First the column was packed, prior to insertion of the probe.  A plastic plug was 
inserted in the opening and was held in place with duct tape.  The column was dry-
packed in stages as described previously.  Once completed and weighed the tape and plug 
were removed and the probe was fit into place.  Silicon caulk was used around the edges 
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to prevent the seepage of water.  The column was then saturated from the bottom slowly 
over a 24 hour period using a Marriot device to ensure all air was removed.   
2.5.3 Independent Determination of Soil Properties 
 
  In order to validate the results of the MFHPP heat pulse data independent 
estimations of the water contents, heat capacities, and water fluxes were needed.  
Common methods were employed to determine these soil properties for each material 
analyzed. 
 Water content was determined volumetrically based on the measured bulk 
density, assuming a particle density of 2.65 g cm
-3
, and assuming at complete saturation it 
(water content) was equal to porosity.  Bulk density was calculated based on the volume 
of the PVC column and the differences in mass before and after addition of soil.  The 
volume of the column was determined to be approximately 863.937 cm
3
.  The specific 
heat of the solids was found through the use of a Differential Scanning Calorimeter 
(PerkinElmer Diamond (DSC) with an Intercooler and a Nitrogen purge).  This 
equipment was available from the Forestry Products Center, at The University of 
Tennessee.  With a known water content, bulk density and specific heat of the solids, 
volumetric heat capacity could be determined through Eq. [5].   Finally, water flux 
density was determined experimentally by collecting the water flow from the outlet at 
bottom of the column.  A laboratory balance (Mettler Toledo PB1502) was placed 
underneath the soil column with a beaker on it and mass was measured every minute.  
Assuming that the density of water is 1 gram per cm
3
 this resulted in the volume of water 
eluted per minute.  Dividing by the cross sectional area of the column yielded the water 
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velocity or flux.  This was converted into cm/hr as a standard unit.  The results of each of 
these measurements are presented in the discussion section.  There are, however, 
currently no generally accepted standard techniques for estimation of thermal diffusivity 
and conductivity.  While conductivity can be determined through fraction analysis it 
requires much in depth analysis of the soil components on a mineral scale beyond the 
scope of this project. 
2.5.4 Estimation of Soil Properties from Heat Pulse Data 
 
 Multiple heating cycles were conducted for each material to be analyzed.  Raw 
data was downloaded from the datalogger and imported into Excel® for analysis.  Each 
column was analyzed first under no flow conditions for volumetric heat capacity (C), 
thermal diffusivity (κ) and water content (θ).  Thermal diffusivity was calculated using 
Eq. [3] from the temperature maxima taken from the graphed heat pulse data, the length 
of time the heater was on, and the effective sensor spacing (reff) as determined from 
calibration.  Once calculated, thermal diffusivity could then be used to calculate 
volumetric heat capacity using Eq. [4].  Estimated heat capacity was used in coordination 
with values provided in Table 3 to estimate the volumetric water content of the soil.  The 
exponential integral was evaluated using a series approximation (Abramowitz and 
Stegun, 1972; van der Laan and Themme, 1984). This was initially done using the 
standard calibration technique (Agar, Full Heat) used in previously published papers and 
later using the 3 newly developed calibration techniques (Agar, Reduced Heat, Physical, 
Quasi-Empirical).  After estimation of the thermal properties under no flow conditions, 
flow was then established. Water flux density was calculated using the Wang et al. (2002) 
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(Eq. [13]) simplified approach for the sand and the 5 soil samples.  In each of the tests, 
flow was initiated at the bottom of the column while a constant hydraulic head of 1 inch 
was supplied at the top of the column (soil surface) using the Marriot device.  While the 
flow of the soil samples was slow enough (~0.267 cm hr
-1 
to 4 cm hr
-1
) to let them drain 
freely, the flow from the sand column had to be regulated to a reasonable level.  
Restriction of flow was done using a vise clamp and a 2” piece of plastic tubing.  This 
technique produced a good range of velocities, 0.267 cm hr
-1 
to 9.16 cm hr
-1
.  Water flux 
was estimated from the thermal properties produced from the various calibration 
techniques to compare their ability to accurately estimate water velocity.  Table 4 
describes the parameters used per each calculation 
 The theoretical water flux was estimated using the Wang et al. (2002) approach as 
well.  The parameters chosen to be used in this calculation were those best believed to 
represent the true physical system.  Lastly, the modified approach presented by 
Kluitenberg et al. (2007) was utilized, as this method helps account for the time   
dependencies of the heat pulse measurement with relation to the water flux estimations 
i.e. using an infinite line heat pulse model to describe a finite event.  Results for all of 
these tests were tabulated and put into graphs using Excel® which can be seen in the  
 
Table 4.  Sources of variables used to calculate water flux estimates 
 
Approach r q' C and κ 
Wang et al. (2002) Quasi-Empirical Quasi-Empirical Quasi-Empirical 
Agar Agar (Full Heat) Agar (Full Heat) Agar (Full Heat) 
Theoretical Physical Quasi-Empirical Measured 
Kluitenberg (2007) Quasi-Empirical Quasi-Empirical Quasi-Empirical 
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results section. 
 Simple statistical analysis was done to determine the coefficient of variation (CV) 
between individual thermistor’s estimates of the thermal properties and water content.  In 
addition pooled averages from the entire MFHPP over all the heating cycles were made 
per soil per property analyzed. These averages were compared to the true values provided 
by the DSC and gravimetric analysis of water content to determine average percent error.   
These two techniques are very common when assessing heat pulse data.  After speaking 
with a statistical consultant, further analysis is difficult because there are not enough 
degrees of freedom for other statistical analysis.  Individual thermistor estimates cannot 
be called true replicates because of inherent variability in their location even on that small 
a scale.  For the amount of replicates needed to conduct statistical analysis and the time 
per replicate (15 minutes), the initial boundary conditions would most likely change to 
the point that comparison might not be as meaningful.  Results of statistical analysis are 
summarized in the results section as well. 
2.5.5 Wenner Array Calibration 
  
 To determine the cell constant, the Wenner array was submerged in five distinct 
KCL solutions, varying in molarity from 0.001M to 0.01M.  These were made by mixing 
appropriate ratios of three standards (0.01, 0.1, and 1.0 Normal KCL) received from 
Ricca Chemical Company, (Cat. No. 5895-16, 5894-32, and 5893-32, respectively) which 
had conductivities listed in the supply data sheets.  Conductivity was related to molarity 
of these solutions through an equation developed from the CRC handbook (Fig. 12).  The 
ratios of the voltages for each solution were recorded and then used to divide the known 
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electrical conductivities.  Measurements of Vs/Vf were made every 5 seconds and 
averaged over a minute for each solution.  A linear fit between conductivity and voltage 
ratio (Fig. 22) resulted in an R
2
 of 0.9994 with a cell constant of y = 1.3013x - 0.4865.  
Through this equation bulk electrical conductivity can be estimated for any porous 
medium.  Bulk electrical conductivity (EC) is related to electrical conductivity of the 
solution (ECw) by Eq. 7. 
2.6 Sensitivity Analysis and Calibration Techniques 
 
 In order to be able to solve Eq. [2] for heat capacity and Eq. [3] for thermal 
diffusivity there are unknowns which need to be established.  While the temperature 
difference (∆T) and time to temperature maximum are taken for the temperature 
responses curves generated from the output, sensor spacing (r) and heater output (q’) 
must be known a priori.  Previous studies ascertain q’ can be determined fairly accurately 
from the voltage drop across the one ohm resistor, which is the current to the heater, and 
the manufacturer listed resistance rating of the wire.  Accounting for current to Wenner 
array (~.644 milliamps) must also be done.  While q’ can be easily calculated it has been 
suggested that sensor spacing be determined experimentally. This is typically done 
through calibration in a substance with known thermal properties.  Campbell et al. (1991) 
suggested use of agar stabilized water (2 g L
-1
) which has now become the standard 
technique.  This was latter modified to 6 g L
-1 
as Ochsner et al. (2003) determined 
experimentally that reff changed with ∆T at 2 g L
-1 
possibly due to the effects of natural 
convection.  The increase in agar using this technique was considered ideal because the 
thermal properties of water are well documented and the agar prevents natural 
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Figure 22.  Wenner array calibration curve for modified MFHPP 
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convection.  The increase in agar using this technique was considered ideal because the 
thermal properties of water are well documented and the agar prevents natural 
convection.  As part of the methodology this calibration was conducted for our probe as 
well and initially served as our primary means of calibration.  This baseline approach 
would help determine if the MFHPP was functioning properly.  First q’ was determined 
through Eq. [18].   Our variables were 271.1 mV for ∆V, 1 ohm for Rr, and 896.85 
(224.21*4 per each “length” of the probe) ohms m
-1
 for Rh.  Evaluation of Eq. [18] 
yielded a q’ of 66.89 W m
-1
.  
 
This was considered our theoretical full heater ouput (Agar, 
Full Heat) and was to be used in the primary calibration with which thermal and 
hydraulic properties where listed in the manner described above.   
 1.2 grams of agar was added to 200 mL of water on hot plate.  A magnetic stir bar 
was also incorporated to ensure proper mixing.  Once the agar had completely melted the 
stir bar was removed and the mixture was allowed to cool and solidify.  When finished it 
was about the consistency of gelatin. The MFHPP was then inserted from above and 
stabilized with a clamp to prevent it from moving.  Power was supplied to the datalogger 
and three heating cycles (approximately 45 min.) elapsed.  Data was uploaded from the 
datalogger and imported into Excel© for analysis.  The first heating cycle was analyzed 
using Eq. [3].  Previous reports have used both the nonlinear optimization by reducing the 
sums of the residuals between ∆T’s  
           ∑
=
Ρ∆−∆=
hN
i
IIioimII tTtTOF
1
2)],()([                                         [23] 
or the single point approach at the time and temperature maxima.  The latter was chosen 
and Eq. [3] was rearranged to solve for r.  The heat capacity of water was 4174 kJ m
-3
 K
-1
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@ 20 °C, the thermal diffusivity of water is 1.43610-7 m
2
 s
-1
 at 20 °C, to is 8 seconds, and 
t and ∆T where taken from the heat pulse data and thermal response graphs.  This step is 
repeated for each one of the thermistors and averaged over the three heating cycles.  This 
means that each one will have what is termed an effective sensor spacing (reff).     
 A preliminary poor fit between estimated and calculated thermal and hydraulic 
properties of the soils prompted a sensitivity analysis which was conducted to determine 
the major sources of error.  Once estimates of heat capacity and water content were 
initially gathered from testing in the sand column the effects of deviations in sensor 
spacing (r) and heater output (q’) were investigated as these were the two parameters 
most susceptible to variations and thus prone to error.  By manually manipulating the 
sensor spacing (r) by 1% up to +/- 20% deflection and heater output (q’) by 5% down to 
50% less then the calculated values in Excel within Eq [2] it was noted how doing so had 
an effect on both estimated heat capacity and water content.  The results of this analysis 
are presented as graphs in Figs. 24 and 25 in the discussion section.  From this study it 
was concluded that not accounting for heat loss i.e. heat that is not directly transmitted 
from the heater through the soil to the thermistors was causing significant errors.  This 
discovery lead to the development of new calibration techniques with which to analyze 
heat pulse data in addition to the traditional agar calibration approach (Agar, Full Heat).     
 The first attempt was a simple modification based on knowledge of how the 
MFHPP was constructed.  Approximately 7.5 mm of the length of the heater needle was 
housed within the potted cast of the probe head and therefore would not be directly 
exposed to the soil.  This fraction was not believed to be contributing to the heating of the 
soil in the time frame of interest and was therefore discounted from the total heat energy 
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directed toward the soil.  This produced a new q’ value of 57.15 W m
-1
, or our 
theoretically reduced heater output based on known conditions (agar, reduced heat).  This 
approach is not standard but seemed useful given our hypothesis stemming from the 
sensitivity analysis.  The new q’ value was then reapplied to the heat pulse data collected 
from the agar and a new reff was calculated.  This new approach (Agar, Reduced Heat) 
became a second calibration technique used to estimate soil properties. 
 In order to investigate how great the potential heat loss wa,s and how great of an 
effect this was having on MFHPP estimates of soil properties, another new method was 
employed.  Using this technique sensor spacing (r) was physically measured and then the 
probe was calibrated in media of known thermal properties to determine (through back 
calculation of Eq. [4] the amount of heat lost.  Our sensor spacing term (r), was 
physically measured using a standard set of calipers, taking multiple measurements along 
the length of the probe and averaging them.   Essentially, the agar calibration test was run 
in reverse, back-calculating for q’ rather then r in Eq. [4] based on the known thermal 
properties of water. This specific relationship of r and q’ then became known as our 
physical calibration technique.  This method of physical measurement had been 
conducted by Ham and Benson (2004); however, the authors did not use these values to 
back calculate heat loss.  The resulting variances in heater output, or our representative q’ 
value between thermistors will be discussed further in the next section.  The calibrated q’ 
values in association with the measured r values were then used to re-estimate the 
thermal properties and water content.  This was done using the same heat pulse data 
collected for each soil for all the calibration approaches.   Doing so allowed a direct 
 71 
comparison of two new calibration methods on the same data relative to the standard 
approach.  These results will be discussed further in the text.     
 This approach still does not aid in remediation of the effects of errors caused by 
the sensitivity of sensor spacing, nor does it account for possible differences due to the 
calibration media of choice.  The next attempt at perfecting a calibration technique was 
developed to try and determine effective or fitted parameters of both heater output and 
sensor spacing.  Ideally these values should be able to explain the differences between 
varying textured materials.  Realistically, neither of these numbers needs to match true 
conditions, but more or less explain variations in the probe itself when being used in 
various soils.  However as stated before, these types of calibration are useful if only 
conducted once i.e. there should only be one value of q’ and r per MFHPP.  Most likely 
this should be conducted in a medium very similar to what the probe will be later tested 
in.  As noted by previous studies however, sensor spacing is not only considered in terms 
of sensor deflection from the heater, but is also somewhat the function of the ability of 
the probes to make contact with the soil.  This latter distinction stems from assumptions 
within the solution of Eq. [2].  Because of this, the new calibration approach was 
conducted in two different textured soils/materials simultaneously fitting for q’ and reff.  
This was done by minimizing the sums of squares between estimated and true heat 
capacity, while fitting those two terms in Solver, EXCEL®.  This exercise produced a 
new set of values (in the results) from which the various soil properties could be 
estimated including the sand and the five soils. 
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2.7 Use of a Commercially Available HPP 
 Decagon Devices, INC. manufactures a single line source heat pulse probe, 
commercially available to estimate soil thermal properties (Fig. 23).  This piece of 
equipment was used as well to be able to make a general comparison of the two 
techniques
2
.  It was inserted pre-testing after saturation at the soil surface.  The probe  
itself houses a heater and a thermocouple.  After equilibrating itself for 90 seconds, it 
initiates a heating and measurement cycle for another 30 seconds.  During this time it is 
estimating a rate of thermal dissipation.  It relates this internally to a thermal resistivity 
coefficient. The output is thermal resistivity, thermal conductivity (the inverse of 
resistivity), and thermal diffusivity.  The quotient of thermal conductivity to diffusivity is 
heat capacity.  This approach is fairly similar to the method employed by the MFHPP.  
Major differences include: only one measurement per heating cycle, the KD2 does not 
estimate heat capacity directly nor does it provide hydraulic properties, and sensor 
spacing is no longer an issue with one sensor and therefore the manufacturer claims that 
no calibration of its probe is needed.   
                                                 
2
 Study conducted independent of manufacturer. 
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Figure 23.  Commercially available Decagon Devices, INC. “KD2” probe soil 
thermal property analyzer. 
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Chapter 3 
Results and Discussion 
3.1 Introduction 
 The results of this thesis are intended to provide a sufficient evaluation of the 
MFHPP and its methodology.  The intent is that these results will provide a good base for 
future work, by listing some improvements upon and limitations of the current 
methodology, so that future studies can avoid some of the underlying issues of said 
method.  The results are split up into three main sections.  These consist of the results of 
the sensitivity analysis, the implementation and reasoning behind the multiple calibration 
techniques, and the estimation of thermal and water properties from heat pulse data 
collected.   
3.2 Sensitivity Analysis 
 
 Due to a preliminary poor fit between measured and calculated soil properties 
using the convention technique (Agar, Full heat), and in order for a sound evaluation of 
this method a detailed sensitivity analysis had to be first conducted.  Sensitivity analysis 
was conducted to determine the major sources of measurement error within the 
calculation of thermal properties in Eq. [4] and water content in Eq. [5].  Data collected 
from the initial trials using sand filled columns under no flow conditions were analyzed 
using the appropriate r and q’ (~ 0.0055 m and 66.89 W m
-1
 respectively) parameters 
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based on sensor construction and the standard calibration.  Once initial estimates were 
determined for heat capacity using Eq. [4] they was used in Eq. [5] to determine water 
content using the physical properties of the sand listed in Table 3.  Then sensor spacing 
and heater output were individually varied to see how it affected the heat capacity and 
water content estimates.  The effects of variations in sensor spacing on heat capacity and 
water content can be seen in Figure 24.    Sensor spacing was both increased and 
decreased up to a total deviation of 20%.  Theoretically, this could be possible as the 
needles themselves could flex in either a positive (away from heater) or negative (inward 
towards heater) direction.  The effects of a decrease in heater output on both heat capacity 
and water content can be seen in Figure 25.  Heater output was only decreased in 5% 
increments because it isn’t theoretically possible to produce more heat energy then the 
heater is drawing in current. 
 From this sensitivity analysis it can be determined that deviations of 1% in sensor 
spacing cause errors of 2% in both heat capacity and water content estimate.  Reduction 
of heater output by 5% from the expected output causes error in other estimates of 5%.  
This makes sense from a mathematical standpoint when evaluating Eq. 2 because the 
analytical solution uses the sensor spacing term squared to relate thermal responses to 
soil properties.  These findings are in agreement with the work done by Kluitenberg et al. 
(1993, 1995), who determined a similar relationship mathematically.  Initially these 
results lean towards the conclusion that sensor spacing is extremely sensitive to this 
technique and must be known very accurately.  The serious issue of sensor spacing within 
this soil property estimation technique has been well documented.  Deviations as small as 
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Figure 24.   (a) Produced change in heat capacity and (b) changes in water content 
caused by deviations in sensor spacing. 
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Figure 25.   (a) Produced change in heat capacity and (b) water content caused by 
deviations in heater output from calculated. 
 (a) 
   (b) 
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one half a millimeter can cause measurement errors of up to 20% in both heat capacity 
and water content.  This would seem to make implementation of this technique in a field 
setting difficult to say the least.  While it appears that deviations this severe do not occur 
on a frequent basis, unless the probe is carefully inserted into the soil, some movement is 
likely.  This is somewhat compounded by the fact that the texture of the soil will also 
contribute to a degree of indirect deflection represented as a contradiction of assumptions 
within the analytical solution.  This issue is magnified because of the close proximity of 
the pins.  While it could be suggested to increase the sensor spacing of the needles, this 
causes other issues.  Increasing the spacing of the needles reduces the size of the 
measurable temperature peak.  This occurs rapidly with distance.  The relationship 
between maximum temperature increase with respect to sensor spacing and heater output 
was investigated mathematically with the conditions of our probe.   At our heater output, 
increasing sensor spacing to 1 cm reduced our estimated ∆T to 0.157 °C.  This increase is 
marginal at best where a deviation of 1mm would still cause errors of 20%.  This 
relationship is, however, also a function of time until maximum heat increase.  A 
generous addition of 1 second was added to each increase of sensor spacing by 1 mm.  
This only served to increase ∆T to 0.173 °C.  Both of the increases illicit changes in 
temperature whereby plus/minus one resolution (~0.019 °C) is roughly 12-13% of our 
total maximum increase.  Errors of plus and minus one resolution would cause a 
substantial error at this level.  Noise induced on the thermistor signal would be a serious 
concern in this condition.  Increasing the heater input would not solve this issue either.  
The more heat produced by the probe, the farther away the heat pulse data gets from the 
assumptions which must be met.  Increasing heat destroys the local structure, as well as 
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causes severe thermal dispersion of the water.  In unsaturated conditions this problem is 
increased dramatically and has been noted by previous studies.  
 This is an optimization problem were it is unlikely to gain something in multiple 
areas without losing something significant in another area.  It is therefore of interest to 
investigate to possibility of calibrating for the other known term which is also susceptible 
to variation and can cause measurement errors i.e. heater output.  Though it appears, a 
larger ratio of the heater probe to the sample introduces smaller error in the ILS (infinite 
line source) approximation (Liu et al., 2007).   
 The results of the sensitivity analysis also support the argument that true heater 
output must also be known well if accurate estimates of soil properties are to be achieved.  
Due to the nature of the probe and its construction, the MFHPP is a heat sink and will 
therefore absorb a given amount of the heat pulse, store it and release it at a latter interval, 
which is not useful to the analysis and will likely cause errors.  The amount of heat stored 
is a function of the thermal conductivities and heat capacities of all the materials which 
comprise the MFHPP versus that of the soil.  However, since soil properties vary, this 
relationship varies as well, because they are in parallel with each other.  In summation, 
some amount of the heat is “lost,” i.e. it is not received by the soil and thus the thermistor, 
in the useful time range and should be accounted for in the calibration of the MFHPP.   
While previous studies listed errors in sensor spacing estimates to be the parameter most 
prone to error (which is still in agreement with our results), it is now believed that not 
quantifying for heat directly transferred to the soil to be equally as important and should be 
accounted for when using the MFHPP to calculate soil properties.  This alternative was 
explored in the form of three new calibration techniques. 
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3.3 Reasoning for Use and Development of Multiple Calibration 
Techniques 
 
 Heat pulse data collected from the MFHPP were analyzed using the four 
calibration techniques (Agar (Full Heat), Agar (Reduced Heat), Physical, and Quasi-
Empirircal) listed in the methods section (Section 2.6).  The differences between the 
results for the various calibration techniques stem from the differences in the q’ and reff 
values used in Eqs. [3], [4] and [5].  Table 5 illustrates the different q’ and reff values for 
each thermistor used per calibration technique employed.   
 As stated previously, the single-point method for analyzing heat pulse responses 
was utilized for all calibrations.  While there is concern with poorly defined peaks and 
noise input (Bristow et al. 1995) using this approach, the nonlinear optimization approach 
is essentially media specific (Mori et al. 2003, 2005), because sensor spacing and thermal 
diffusivity is optimized for each medium, therefore, its utility is reduced.  Non-linear 
optimization would also result in different reff values.  The results of this study show a 
one-time calibration can be conducted, and used in various textured soils, and produce 
results consistent with previous studies reported accuracies. 
 As the standard calibration, the thermal responses of each thermistor were 
measured in agar following the generation of a heat pulse (Figure 26).  From these 
response curves the effective sensor spacing was determined for each thermistor at that 
given heater output (66.89 W m
-1
).   The Solver in Excel® was used to determine the 
optimum effective sensor spacing given known values of the water’s thermal properties, 
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Table 5.  Calibration Specific Heater Output and Sensor Spacing Values 
 
  Agar Full Heat Agar Reduced Heat Physical Empirical 
Location r q' r q' r q' r q' 
Therm. 1 0.00562 66.89 0.00536 57.15 0.00366 24.72 0.00469 40.93 
Therm. 2 0.00617 66.89 0.00596 57.15 0.00361 13.73 0.00394 16.60 
Therm. 3 0.00576 66.89 0.00547 57.15 0.00460 37.36 0.00479 38.76 
Therm. 4 0.00560 66.89 0.00530 57.15 0.00391 30.70 0.00384 30.13 
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Figure 26.  Example of heat pulse response curve from MFHPP. 
 
 82 
Cw = 4.174 MJ kg
-1
 °C
-1
, and κw = 1.436E-7 m
2
 s
-1 
used to evaluate Eqs. [3] and [4] with 
the heat pulse data collected.   This process was repeated using the reduced heater output 
(57.15 W m
-1
) compensating for the amount of heater wire embedded within the probe 
itself.  This yielded two sets of sensor spacing and heater outputs (Columns 4 and 5, 
Table 5).    
 The peaks noted in Fig. 26 occur during the period when the heater in an “on” 
state.  A possible reason for this is that the datalogger was not able to source the current 
necessary to run the heater, the thermistors and the Wenner array.  After addressing this 
issue further it was determined that the excitation voltage does not decrease during this 
time period (which would cause the mV output of the thermistor to increase and thus the 
measured temperature).  Other possibilities could be noise interference from the timing 
chip running the heater.  However, when used in “one shot” mode this is unlikely.  
Because this phenomenon only occurs severely within the water, there is potential that 
heat is being rapidly conducted along the stabilizing circuit board embedded in the probe 
head, due to the high heat capacity of the water.  While the true cause is unknown, and 
needs to be investigated further, it appears this should have little impact on the end 
results.  With the single point method, this part of the curve is ignored.    
 The physical calibration stemmed from an attempt to quantify exactly how much 
heat was lost.  This was done by utilizing the agar calibration approach but fixing r as the 
true parameter from measured sensor spacing and back calculating q’.  The results were 
surprising as in some cases it produced values of heater output only 20% of full output.  
Each thermistor now had a measured r and a fitted q’ (Columns 6 and 7, Table 5) term 
constituting our physical calibration.  Logically, this method would make more sense to 
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use when applying the MFHPP to estimate properties in various media.  Unfortunately, 
the agar media is more ideal than can be expected of any given soil sample.  As stated by 
Kluitenberg et al. (1995) and Basinger et al. (2003) this tends to make it sensor specific.  
There is a major issue with the degree to which the sensors make contact with the agar 
versus the soil.   In addition, the agar stabilized water has thermal properties much greater 
then that of soil and would therefore be expected to produce a calibration which would 
tend to over estimate the properties in anything else analyzed.  This condition can be 
clearly seen in the results of our experiment and was also found experimentally in the 
results of Tarara and Ham, (1997), Song et al. (1998), and Basinger et al. (2003).  Ham 
and Benson (2004) collected data which suggest that reff increases when C decreases 
which causes a progressive overestimate of C and soil water content or, in other terms, 
under dry conditions C and θ become inflated which is typical of other calorimetric 
observations (Abu-Hamdeh, 2003).  This over inflation might also be due to disregarding 
the temperature effect of bulk soil thermal properties (Hopmans and Dane, 1986; 
Olmanson and Ochsner, 2006).  This idea is supported by the results of this thesis.  This 
phenomenon has been attributed to model errors (i.e. the model “does not accurately 
represent sensor physics”) or instrumentation errors (errors in q’, Tm or tm).  In Ham and 
Benson (2005) it is suggested to account for this phenomenon by increasing heat capacity 
of water at lower water contents.   More importantly though is the issue with assuming all 
of the heat conducted by the heater is being transferred directly to the soil.  Logically, this 
cannot be the case.  If you were to conclude that the agar calibration accounts for this, 
then the issue becomes calibrating to a term that is known to be incredibly sensitive 
within the model and highly susceptible to variation i.e. sensor spacing deviations.  Ham 
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and Benson (2004) concluded that sensor spacing is the only empirical sensor specific 
calibration term, however the results of this study conclude that using q’ (heater output) 
as a calibration does equally well and helps explain more of the variability. The physical 
calibration takes into account all of these problems by providing fit parameters much 
more indicative of the true MFHPP characteristics while also accounting for the 
potentially unknown or unaccountable random errors (e.g. not obeying model 
assumptions to the fullest).  It can still be logical to have multiple heater outputs or one 
for each thermistor as these terms simply explain inherent variations that cannot be 
accounted for when estimating soil properties.  As can be seen later in Section 3.4, for the 
sand and soil tests, accounting for this heat lost greatly improves estimation of soil 
properties across a range of textures as compared to the standard technique.  Even so 
there can still be seen instances were this calibration does not accurately account for the 
differences between soils. 
 The best calibration possible would therefore be one in which the MFHPP was 
calibrated one time, in a porous medium, and this calibration could be used universally.  
The development of the quasi-empirical calibration was to accomplish this task.  Based 
on the current analytical solution, in order to meet the required assumptions some 
parameter fitting must be done.  Because of inherent variations, either due to MFHPP 
construction or experimental use, it can be concluded that neither the sensor spacing nor 
the heater output must represent anything physically real but rather address these 
variations in a manner which allow for accurate estimation of soil properties.  These 
parameters can be used to represent how the probe responds to thermal inputs in various 
media.  Again the agar should not be chosen, based on the previously and newly reported 
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findings.  Therefore an attempt was made to produce an optimal fit of sensor spacing and heater 
output that could correctly estimate the thermal properties of both a sand (coarse textured) and 
Holston series (finely textured) soil.  As will be seen with the data this was not possible.  This 
leads to the indication that there is something within the model (most likely) the assumptions 
that are not being met and it is in general oversimplified for the complex relationship being 
studied.  For example, the assumption that all of the heat transferred is through conduction.  In 
a coarse textured material such as the sand, this is most likely not the case.  Larger water filled 
pores will cause heat to move with the water which is by definition convection.  On the other 
hand finer textured soils will be able to conduct heat much more readily and thermal responses 
should occur much sooner and should be seen as steeper spikes.  In general the arrangements of 
individual particles are much more homogeneous in the sand as well (another important 
assumption of the model).  This could also be an issue with the degree to which the particles 
make contact with the probe as stated previously. 
 
3.4 MFHPP Estimated Thermal Properties and Water Content 
 
 Heat pulse data collected from the MFHPP was analyzed using the various 
calibration techniques listed in the methods section.  The sand and 5 soil samples were 
primarily analyzed for their thermal properties i.e. heat capacity, thermal diffusivity and 
thermal conductivity as well as volumetric water content.  These are the most important 
values because of their use to calculate other soil properties.  Without accurate estimates 
of thermal conductivity and volumetric water content, accurate estimates of electrical 
conductivity and water flux density are unattainable.  Results were then compared to the 
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independently measured properties provided from the DSC and gravimetric analysis.  The 
estimates of thermal diffusivity and heat capacity were then used during tests under 
various flow conditions to make estimates of water flux density. 
 Heat capacity and thermal diffusivity were determined from Eqs. [3] and [4].  
Once the heat capacity was determined, water content was estimated from Eq. [5] 
through fractional analysis by volume.  Thermal properties and water contents were 
estimated for each thermistor, at each heating cycle.  For the sand and soil samples both 
the heat capacities and water contents could be related to known measured values (Table 
3).  While the thermal diffusivity and thermal conductivities for sand have been well 
documented and therefore could be compared to previously published results, this is not 
true for the five soils tested.  Indirect methods exist for estimation of soil thermal 
conductivities; however these methods are not standards and produce results that would 
not be effective for comparison.  The estimated values of soil thermal properties and 
water content were pooled and averaged over the probe for all heating cycles. 
 The impact of the four calibration techniques estimation of heat capacity, thermal 
diffusivity and thermal conductivity were initially of interest for comparison.  Table 6 
shows these properties based on the first heating cycle for the sand trials.  Table 7, is the 
averaged results of each of these properties over all the heating cycles.  It is important to 
note the accuracy with which the agar technique was able to predict heat capacity and 
water content.  Our results are in line with previous studies which reported percent errors 
of roughly 1.5% at complete saturation (Mori et al. 2003) compared to 1.6% error in this  
study (agar, lowered heat output).  This allowed us to conclude that our probe was 
functioning appropriately and further analysis of other soils could be conducted.  The  
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Table 6.  Individual thermistor estimates of thermal properties and water content 
for each thermistor, per calibration technique in a sand filled column. 
. 
 
 
 Agar Full Heat 
Location θ % Error C % Error κ 
Therm1 0.5 10.9 3339.5 6.4 8.9E-07 
Therm2 0.86 90.4 4830.1 53.9 1.4E-06 
Therm3 0.52 15.8 3432.1 9.3 7.5E-07 
Therm4 0.4 11.1 2928.2 6.7 1.2E-06 
  Agar Reduced Heat 
Location θ % Error C % Error κ 
Therm1 0.45 0.2 3140.2 < .01 8.1E-07 
Therm2 0.76 68.2 4414.6 40.6 1.3E-06 
Therm3 0.48 6.2 3250.9 3.6 6.7E-07 
Therm4 0.37 18.4 2790.9 11.1 1.1E-06 
  Physical 
Location θ % Error C % Error κ 
Therm1 0.4 11.8 2915.3 7.1 3.8E-07 
Therm2 0.39 12.7 2896.9 7.7 4.9E-07 
Therm3 0.42 6.9 3006.3 4.2 4.8E-07 
Therm4 0.36 20.4 2753.3 12.3 5.8E-07 
  Quasi-Empirical 
Location θ % Error C % Error κ 
Therm1 0.4 10.6 2937.3 6.4 6.2E-07 
Therm2 0.4 10.7 2934.9 6.5 5.9E-07 
Therm3 0.39 13.8 2876.7 8.4 5.2E-07 
Therm4 0.37 17.9 2800.9 10.8 5.6E-07 
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Table 7.  Estimates of Thermal Properties and Water Content in Sand 
 
  C % Error CV θ % Error CV κ CV λ CV 
  kJ m
-3 
K
-1
 % % m
3 
m
-3
 % % m
2 
s
-1
 % W m
-1 
K
-1
 % 
Agar, Full Heat 3263.9 4.0 9.5 0.48 6.8 15.4 9.6E-07 18.9 3.1 11.6 
Agar, Reduced Heat 3089.4 1.6 9.1 0.44 2.5 15.3 8.7E-07 18.4 2.7 11.6 
Physical 2942.4 6.3 6.4 0.40 10.3 11.1 4.9E-07 16.8 1.4 15.1 
Quasi-Empircal 2936.5 6.5 5.7 0.40 10.6 10.0 5.8E-07 6.9 1.7 10.9 
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probe did however, tend to overestimate thermal diffusivity and therefore thermal 
conductivity using the agar calibration methods was concluded from previously published 
data and empirical analysis (Fig. 27).  The overestimation of thermal diffusivity could be 
the result of not using the optimization approach which fits the sensor spacing and 
thermal diffusivity to the media being calibrated in; because sensor spacing is a highly 
significant term in the estimation of the thermal diffusivity in the single point method 
(Eq. [4]), these differences could be exacerbated.  Average estimates of thermal 
conductivity and diffusivity however did compare very well with previously published 
data from pure sand estimates (Fig. 27) from the physical and empirical approaches.  
Even though estimates of heat capacity were not as good as those produced from the agar 
calibration, they were close enough to continue forward with other soils.  It is important 
to note that throughout the tests, estimates from Thermistor 2 were excluded from the 
analysis when averaging for the agar calibrations.  Even though Excel provided a fitted 
value for sensor spacing, it was evident that the model could not explain the heat pulse 
well.  It was therefore considered as not functioning and excluded.  Thermistor 2 was 
included for the physical and quasi-empirical averages, however, as these approaches 
readily account for differences or unexplained issues due to sensor construction.  This 
was an added benefit of the new approaches.  When accounting for heat lost, Thermistor 
2 could provide just as accurate results as the other thermistors using the new calibration 
techniques (physical, quasi-empirical).  The most likely cause for the consistent  
differences in responses between thermitors, is due to construction differences.  For 
example, an air bubble had forming near the thermistor bead and serving as an insulator. 
 Further estimation of soil thermal properties and water content were done for the  
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Figure 27.  (a) Previously reported data for sand in relation to empirically derived 
estimates (solid line), published Mori et al. (2003) and (b) empirical estimates of  
thermal conductivity in variously textured soils (Bristow, 2002). 
 91 
five other soil materials.  Results from soils taken from the field have not been produced 
in previous studies using this method (MFHPP) and was an advantage of this study.  The 
first heating cycle for each soil is presented in Fig. 28.  These graphs show the variation 
between each of the thermistors for each calibration technique.  The overall trend shows 
the continuing ability of the newer techniques to estimate properties more accurately then 
the agar calibration.  In addition, these figures also suggest another phenomenon 
important to this analysis.  Generally, in the five soil samples, heating cycle one produced 
better averages of heat capacity and water content than the second and third cycles.  This 
suggests 15 minutes is not long enough in between cycles, or potentially too much heat is 
being produced in the heater.  This makes sense when considering the high thermal 
conductivity of the sand relative to the soils.  In the future this relationship between ideal 
heat produced to soil should be further examined.   
 Typically, the physical approach does just as well as the empirical approach at 
estimation of soil properties.  Tables 8-12 show pooled averages for all the 
heat pulse data for each soil.  As stated no other techniques exist to produce comparable 
estimate of thermal diffusivity and conductivity for soils.  Relative comparison can only 
be made to published figures of empirically based estimates produced from mineral 
analysis (Fig. 27).  Using this means of comparison the quasi-empirical approach is able 
to estimate these properties well, unlike the tendency of the agar calibration to over-
estimate properties. 
 These results can be roughly compared to the results of the commercially 
available KD2 (Table 13).  This device measures rate of heat dissipation from a central 
heater to estimate thermal properties.  However since it uses a similar technique, and no 
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Figure 28.  Individual thermistor estimates from first heat application for each 
calibration technique. 
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Table 8.  Estimates of Thermal Properties and Water Content in Holston 
  
  C % Error CV θ % Error CV κ CV λ CV 
  kJ m
-3 
K
-2
 % % m
3 
m
-3
 % % m
2 
s
-1
 % W m
-1 
K
-1
 % 
Agar, Full Heat 3789.7 34.7 8.3 0.73 48.3 10.5 7.0E-07 9.9 2.7 3.8 
Agar, Reduced Heat 3818.9 35.7 7.7 0.73 49.8 9.7 6.4E-07 9.3 2.5 4.1 
Physical 3286.1 16.8 5.1 0.60 23.6 6.7 3.5E-07 19.5 1.2 23.3 
Quasi-Empircal 3278.8 16.5 4.6 0.60 23.3 6.0 4.2E-07 11.7 1.4 15.7 
 
 
Table 9.  Estimates of Thermal Properties and Water Content in Loring 
  
  C % Error CV θ % Error CV κ CV λ CV 
  kJ m
-3 
K
-2
 % % m
3 
m
-3
 % % m
2 
s
-1
 % W m
-1 
K
-1
 % 
Agar, Full Heat 3609.4 22.2 12.4 0.67 35.5 16.0 7.9E-07 15.4 2.8 18.2 
Agar, Reduced Heat 3371.6 14.1 11.8 0.60 20.6 15.9 7.1E-07 14.8 2.4 15.9 
Physical 3255.8 10.2 11.9 0.57 15.0 16.4 4.1E-07 25.3 1.3 20.5 
Quasi-Empircal 3260.2 10.3 14.1 0.57 15.2 19.3 4.8E-07 14.0 1.6 6.0 
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Table 10.  Estimates of Thermal Properties and Water Content in Sequatchie 
 
 C % Error CV θ % Error CV κ CV λ CV 
  kJ m
-3 
K
-2
 % % m
3 
m
-3
 % % m
2 
s
-1
 % W m
-1 
K
-1
 % 
Agar, Full Heat 3594.5 16.2 8.9 0.68 22.1 11.3 6.5E-07 17.2 2.3 7.5 
Agar, Reduced Heat 3392.5 9.7 8.8 0.63 13.4 11.4 5.9E-07 16.6 2.0 6.7 
Physical 3457.8 11.8 5.0 0.65 16.2 6.5 3.1E-07 23.5 1.1 15.6 
Quasi-Empircal 3455.9 11.7 5.0 0.65 16.1 6.5 3.7E-07 14.7 1.3 10.8 
 
 
 
Table 11.  Estimates of Thermal Properties and Water Content in Captina 
  
  C % Error CV θ % Error CV κ CV λ CV 
  kJ m
-3 
K
-2
 % % m
3 
m
-3
 % % m
2 
s
-1
 % W m
-1 
K
-1
 % 
Agar, Full Heat 3606.8 20.3 7.2 0.68 27.3 9.2 7.9E-07 15.4 2.8 9.4 
Agar, Reduced Heat 3362.7 12.2 8.9 0.62 16.2 11.6 7.1E-07 14.8 2.4 9.6 
Physical 3202.6 6.8 6.6 0.58 9.7 8.7 4.0E-07 26.7 1.3 28.9 
Quasi-Empircal 3198.0 6.7 6.9 0.58 9.5 9.2 4.7E-07 15.1 1.5 18.6 
 
 
 
 95 
 
Table 12.  Estimates of Thermal Properties and Water Content in Etowah 
  
  C % Error CV θ % Error CV κ CV λ CV 
  kJ m
-3 
K
-2
 % % m
3 
m
-3
 % % m
2 
s
-1
 % W m
-1 
K
-1
 % 
Agar, Full Heat 3819.5 27.2 6.3 0.73 36.4 7.9 7.3E-07 9.5 2.8 6.0 
Agar, Reduced Heat 3590.0 19.6 6.8 0.68 26.2 8.7 6.7E-07 4.1 2.4 7.0 
Physical 3371.7 12.3 4.6 0.63 17.0 6.0 3.6E-07 26.1 1.2 29.6 
Quasi-Empircal 3365.8 12.1 4.3 0.62 16.7 5.5 4.3E-07 22.6 1.4 28.5 
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Table 13.  Estimates of Thermal Properties from Decagon Devices INC, KD2 Probe. 
 
Material λ κ R C 
  W m
-1 
K
-1
 m
2 
s
-1
 K m W
-1
 kJ m
-3 
K
-2
 
Sand 1.9 8.1E-07 0.52 2340.0 
Holston 1.2 4.9E-07 0.80 2481.8 
Loring  1.3 3.7E-07 0.79 3420.8 
Sequacthie 1.1 3.1E-07 0.88 3579.6 
Captina 1.4 4.3E-07 0.72 3152.8 
Etowah 1.2 3.2E-07 0.84 3629.6 
 
 
good calibration can be established, it is hard to make a direct comparison.  Even though 
this method is not considered a standard technique, they are still of interest.  The 
manufacturer only suggests using these data for estimates of resistivity, conductivity and 
thermal diffusivity.  In this case it compares well with estimates from the MFHPP.   
Estimates from the MFHPP are on average within 10-20% of the estimates from the KD2 
or vice versa.  Overall the trend is the same, in that both the KD2 and MFHPP’s estimates 
of thermal conductivity and diffusivity both go up or down relative to each other in the  
same soil.  Resistivity is mathematically the easiest of these properties to estimate.  
Conductivity is simply the inverse of resistivity.  It is when you try and calculate the 
other parameters that it becomes mathematically more complex and prone to 
measurement and model errors.   
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3.4.1 Water Flux Density 
 
 Water flux estimates were taken from the center of the column using the Wang et 
al. (2002) approach (Eq. [13]).  These were compared to the outflow collected from the 
bottom of the column (Table 14).  This method uses the ratio of upstream and 
downstream temperature maxima. The MFHPP was only able to measure a noticeable 
difference in the sand column at a velocity of 9.16 cm hr.  This is comparable to the 
results of the Mori et al. (2003) paper which accurately estimated flux in saturated sand 
of down to almost 1 m day
-1
.  Differences between the Wang et al. (2002) approximation 
and the Kluitenberg et al. (2007) approximation were negligible.  Estimates at flow rates 
below this point taken from the soil samples were unattainable because there was no final 
difference in temperature upstream vs. downstream.  At lower flow rates this is actually 
to be expected, especially in fine textured soil, in which there is insufficient local water 
movement, to carry the heat downstream, unlike the sand which has larger pores which 
convey heat much faster.  This is how Mori et al. (2005) were able to measure fluxes in  
sand down to 0.1 m day
-1
 in both conditions, saturated and unsaturated.  Essentially, the 
heat flux is so much greater then the water flux that both (upstream and downstream) can 
still heat equally.  Unfortunately there are other issues such as wall flow, (Gao et al., 
 
 
 
Table 14.  Measured and Estimated (MFHPP) Water Flux Density 
 
Water Flux Density (cm hr
-1
) 
Medium Measured  
Wang et al. (2002) 
Eq. [13] 
Kluitenberg 2007 
Eq. [15] 
Agar          
[Eq.13] 
Theoretical 
[Eq. 13] 
High Flux            
(sand) 9.16 8.82 8.82 10.83 8.55 
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2006) thermal dispersion in the vicinity of the heater, and not enough temperature 
resolution at these low fluxes to produce measurable differences.  The inability to 
measure low flow velocities when the temperature resolution is greater then 0.01 C has 
been noted in other studies (Ren et al., 2000).  This, however, could be alleviated through 
the implementation of another technique, not temperature based per se.  This method 
would utilize a time based approach, because time could be measured with much greater 
accuracy and resolution than temperature. It would look for differences in time until some 
event occurred, rather than looking at time intervals and waiting until a maximum is 
reached.  This should allow not only resolution to be finer, but also aid in reducing errors 
due to other assumptions (e.g. all heat transmitted through conductive heat transfer).  This 
latter assumption is believed to cause errors within the estimation of thermal properties as 
well, because the point of maximum temperature increase undoubtedly has been affected 
by convective heat transport.  This is what also causing the broad, flat peaks noted by 
previous studies.  By definition any heat transmitted by the water will be convective in 
nature.  Unfortunately, it is not something that can be accounted for by a one-time 
calibration either.  This will be a function of texture, organic material, bulk density, and 
water content, and should be accounted for in the model used to estimate thermal 
properties. 
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Chapter 4 
 
Summary 
 
  
4.1 Conclusions 
 
 A MFHPP is a viable means to estimate soil thermal and hydraulic properties.  A 
modified MFHPP was reconstructed with some new improved modifications.  These 
include the use of a precision timing chip for heater application, and a probe head design 
which is effective, minimizes space and helps reduce potential sources of error (e.g. more 
rigidity to reduce sensor spacing deviations, and a probe head control board which 
minimizes exposure of heater wire).  Detailed instructions are now available for 
construction of a similar type of device in the materials and methods component of this 
study.  
 The modified MFHPP was used to estimate thermal properties and water content 
of sand using the methods previously employed and was found to be able to estimate heat 
capacity and water content with a similar accuracy to that reported previously in the 
literature.  In addition, its use was expanded through testing in five other different 
textured soils.  In these cases, new calibration techniques were developed which 
improved estimates of soil properties (heat capacity and water content) by between 25-
50% on average.  These new calibration approaches (agar (reduced heat), physical, and 
quasi-empirical) include accounting for heat loss in the q’ term, which was found to be 
occurring and was an issue affecting soil property estimates.   The agar, reduced heat 
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calibration accounts for excess heater wire known to not be directly contributing to heater 
in the soil when using the standard calibration approach.  While this improved overall 
estimates in the sand, increased accuracy in the soils was minimal.  The physical 
calibration utilizations measured sensor spacing values, while treating the heater output 
q’ as the fitted term. Finally, the quasi-empirical calibration fits both terms 
simultaneously, in two different textured soils, in an attempt to better account for 
differences between them when modeling heat transfer.  Curiously, average estimates 
from the MFHPP of heat capacity and water content from the first heating cycle induced 
are more accurate then later cycles using the new calibration approaches.  This could 
possible be due to residual heat energy, which suggests that 15 minutes in between 
heating cycles was not long enough.  It is still be beneficial to average at least over the 
four thermistors to increase accuracy.  If better assertions as to the optimum length of 
time and amount of heat can be determined for a given soil, averaging over multiple 
heating cycles at a given location may be best.     
  Additional benefits of the new calibration techniques are their singular nature 
and applicability to different textured soils.  Even so they are still not able to address the 
variation in all soils evenly.  In general the MFHPP is able to estimate soil properties 
much more accurately in coarser textured soils.  This would indicate one of two things: as 
the media becomes further removed from what it was calibrated in the calibration begins 
to fail, or the model cannot explain the variation of soil properties in this case thermal 
processes between different soils.  The first would be more intuitive, as the thermal 
properties and structure of the soils are much different then sand which is closer to that of 
agar.  As the soils become more clayey, water filled pores are smaller and the processes 
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of heat transfer begin to vary from that of saturated sand.  However, the latter is still a 
concern, especially when considering the fact that fitted terms could not be found when 
solving Eq. [2] for both the sand and Holston (clayey) soil.  This indicates the model is 
oversimplified to explain the extremely complex process of heat transfer in soils. 
 Similar limitations were found when estimating water flux density.  In the pure 
sand the MFHPP was able to accurately estimate water flux density to a level previously 
reported in other literature. Again this research was taken a step further by trying to 
estimate water flux in soils of varying textures.  While the MFHPP was not able to detect 
any measurable difference between upstream and downstream temperature sensors for the 
different textured soil samples, this can be explained by suggesting that little localized 
flow around the MFHPP sensors is occurring when the soils have a finer texture. Other 
potential problems are wall flow, and not enough measurement resolution of temperature 
data.  This is not the case in pure sand where the open pore structure allows convective 
heat transfer, which in this case is most likely beneficial to estimating water velocities.  
At low flow rates this convection does not rapidly occur, and heat flux density is much 
greater then water flux density, so that differences in temperature are not measurable at 
long periods of time.   
4.2 Future Work 
 Future work on this device and methodology should begin to address some of the 
limitations discussed previously.  The greatest of these is sensor spacing which is the 
most prohibitive for allowing testing and estimation of soil properties in the field.  Most 
likely this will need to involve redesigning the probe itself, its functionality, or the means 
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by which the data collected are used to estimate soil properties.  Accounting for heat loss, 
and possibly modifying the governing equation, could also help remediate the effects of 
sensor spacing deviation as well.  By incorporating these changes, the MFHPP could 
make this technique for estimating soil properties more favorable, when comparing it to 
other currently available methods for estimating soil properties. 
Specific recommendations for the continuation of this research include: 
 
1. Redesigning of MFHPP and probe function to reduce errors and increase 
measurement resolution. 
a. Measure water content and thermal properties using a single probe 
approach, where heater and thermistor are in same needle. 
b. Measure water flux based on time differences not temperature differences. 
c. Determine measures to reduce the amount of heat lost in construction. 
 
2. Investigate possibility of adding terms to, or reworking, the basic model to 
account for variances in soil textures. 
 
3. Collect more data for estimation of soil properties with new MFHPP in soils both 
in the lab and in the field. 
 
4. Collect electrical conductivity data from various soils to investigate the 
effectiveness of the MFHPP with respect to this property. 
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A.1 CSI© 21X datalogger program 
 
;{21X} 
;Program: 21X06.csi 
;Date:May 25th, 2006 
;Program to run MFHPP.  Measure temperature at four thermistors 
;Electrical conductivity from Wenner Array 
;Run heater for 8 seconds every 15 minutes 
 
* Table 1 Program 
     01:1 Execution Interval (seconds) 
 
;If flag 1 is high, collect data every second 
 
1:  If time is (P92) 
 1: 0     -- Minutes into a 
 2: 1     -- Minute Interval 
 3: 11       Set Flag 1 High 
 
;If flag 2 high, turn on heater 
 
2:  If time is (P92) 
 1: 0        Minutes into a 
 2: 15       Minute Interval 
 3: 12       Set Flag 2 High 
 
;Do if flag 1 is high--------------------------------- 
 
3:  If Flag/Input (P91) 
 1: 11       Do if Flag 1 is High 
 2: 30       Then Do 
 
4:  Batt Voltage (P10) 
 1: 1        Loc [ BattVolt  ] 
 
5:  Internal Temperature (P17) 
 1: 2        Loc [ IntTemp   ] 
 
6:  Timer (P26) 
 1: 3        Loc [ Timer     ] 
 
;Output To Heater----------------------------------------- 
 
7:  Volt (SE) (P1) 
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 1: 1        Reps 
 2: 14       500 mV Fast Range 
 3: 9        SE Channel 
 4: 4        Loc [ HeatrCurr ] 
 5: 1.0      Mult 
 6: 0.0      Offset 
 
;Output To Heater----------------------------------------- 
 
;Thermistors---------------------------------------------- 
 
8:  Excite-Delay (SE) (P4) 
 1: 4        Reps 
 2: 11       5 mV Fast Range 
 3: 1        SE Channel 
 4: 1        Excite all reps w/Exchan 1 
 5: 0000     Delay (units 0.01 sec) 
 6: 5        mV Excitation 
 7: 5        Loc [ mV_1      ] 
 8: 1.0      Mult 
 9: 0.0      Offset 
 
9:  Polynomial (P55) 
 1: 4        Reps 
 2: 5        X Loc [ mV_1      ] 
 3: 9        F(X) Loc [ Therm_1   ] 
 4: 1416.4   C0 
 5: -283.78  C1 
 6: 0.0      C2 
 7: 0.0      C3 
 8: 0.0      C4 
 9: 0.0      C5 
 
;Thermistors---------------------------------------------- 
 
;Wenner Array--------------------------------------------- 
 
10:  Full Bridge w/mv Excit (P9) 
 1: 1        Reps 
 2: 14       500 mV Fast Ex Range 
 3: 14       500 mV Fast Br Range 
 4: 3        DIFF Channel 
 5: 2        Excite all reps w/Exchan 2 
 6: 500      mV Excitation 
 7: 13       Loc [ ratio     ] 
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 8: 1.0      Mult 
 9: 0.0      Offset 
 
11:  Z=X*F (P37) 
 1: 13       X Loc [ ratio     ] 
 2: 0.001    F 
 3: 14       Z Loc [ EC        ] 
 
12:  Z=1/X (P42) 
 1: 14       X Loc [ EC        ] 
 2: 15       Z Loc [ ECtrue    ] 
 
;Wenner Array-------------------------------------------- 
 
13:  If time is (P92) 
 1: 0     -- Minutes into a 
 2: 1     -- Minute Interval 
 3: 10       Set Output Flag High 
 
14:  Real Time (P77) 
 1: 1221     Year,Day,Hour/Minute,Seconds (midnight = 2400) 
 
15:  Sample (P70) 
 1: 15       Reps 
 2: 1        Loc [ BattVolt  ] 
 
16:  End (P95) 
 
;Do if flag 2 is high 
 
17:  If Flag/Input (P91) 
 1: 12       Do if Flag 2 is High 
 2: 30       Then Do 
 
18:  Do (P86) 
 1: 41       Set Port 1 High 
 
;This instruction is used as an 8 second delay 
 
19:  Excitation with Delay (P22) 
 1: 01       Ex Channel 
 2: 00       Delay w/Ex (units = 0.01 sec) 
 3: 800      Delay After Ex (units = 0.01 sec) 
 4: 0.0      mV Excitation 
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20:  Do (P86) 
 1: 51       Set Port 1 Low 
 
21:  Do (P86) 
 1: 21       Set Flag 1 Low 
 
22:  End (P95) 
 
* Table 2 Program 
     02:000 Execution Interval (seconds) 
 
*Table 3 Subroutines 
 
End Program 
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A.2 CSI© CR10X Datalogger Program 
 
;{CR10X} 
;Program: CR10X07.csi 
* Table 1 Program 
     01:1 Execution Interval (seconds) 
 
;MFHPP 
;Andrew Sherfy & Wesley Wright & Jaehoon Lee 
;Date: August 12th 2007 
; 
;For Tank One Collection 
;Tank one consists of the newer probe with the larger board and the older first 
control board 
;It is a continuation study to determine the probes performance with various soil 
materials 
;Data for this setup is listed as Tank 1. 
 
;Details 
;MFHPP collects data from four thermistors and a Wenner array. Four thermistors 
in a pattern clockwise from 
;north around a central heater which is on for 8.0 seconds. 
 
;Sets output flag high after each minute 
 
;Start Program-------------------------------------------- 
 
;Self Surveying Info-------------------------------------- 
 
1:  Batt Voltage (P10) 
 1: 1        Loc [ BattVolt  ] 
 
2:  Internal Temperature (P17) 
 1: 2        Loc [ IntTemp   ] 
 
3:  Timer (P26) 
 1: 3        Loc [ Timer     ] 
 
;Self Surverying Info------------------------------------- 
 
;Output To Heater----------------------------------------- 
 
4:  Volt (SE) (P1) 
 1: 1        Reps 
 2: 15       2500 mV Fast Range 
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 3: 9        SE Channel 
 4: 4        Loc [ HeatrCurr ] 
 5: 1.0      Mult 
 6: 0.0      Offset 
 
;Output To Heater----------------------------------------- 
 
;Thermistors---------------------------------------------- 
 
5:  Excite-Delay (SE) (P4) 
 1: 4        Reps 
 2: 25       2500 mV 60 Hz Rejection Range (Delay must be zero) 
 3: 1        SE Channel 
 4: 1        Excite all reps w/Exchan 1 
 5: 0000     Delay (units 0.01 sec) 
 6: 2500     mV Excitation 
 7: 5        Loc [ mV_1      ] 
 8: 1.0      Mult 
 9: 0.0      Offset 
 
6:  Polynomial (P55) 
 1: 4        Reps 
 2: 5        X Loc [ mV_1      ] 
 3: 9        F(X) Loc [ Therm_1   ] 
 4: -19.975  C0 
 5: .036     C1 
 6: 0.0      C2 
 7: 0.0      C3 
 8: 0.0      C4 
 9: 0.0      C5 
 
;Thermistors---------------------------------------------- 
 
;Wenner Array--------------------------------------------- 
 
7:  Full Bridge w/mv Excit (P9) 
 1: 1        Reps 
 2: 15       2500 mV Fast Ex Range 
 3: 15       2500 mV Fast Br Range 
 4: 3        DIFF Channel 
 5: 2        Excite all reps w/Exchan 2 
 6: 2500     mV Excitation 
 7: 13       Loc [ ratio     ] 
 8: 1.0      Mult 
 9: 0.0      Offset 
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8:  Z=X*F (P37) 
 1: 13       X Loc [ ratio     ] 
 2: 0.001    F 
 3: 14       Z Loc [ EC        ] 
 
9:  Z=1/X (P42) 
 1: 14       X Loc [ EC        ] 
 2: 15       Z Loc [ ECtrue    ] 
 
;Wenner Array-------------------------------------------- 
 
;Data Output--------------------------------------------- 
 
;Uses real time at each data output and averages values in all locations 
 
10:  Do (P86) 
 1: 10       Set Output Flag High (Flag 0) 
 
11:  Real Time (P77) 
 1: 1221     Year,Day,Hour/Minute,Seconds (midnight = 2400) 
 
12:  Sample (P70) 
 1: 15       Reps 
 2: 1        Loc [ BattVolt  ] 
 
13:  Do (P86) 
 1: 20       Set Output Flag Low (Flag 0) 
 
;Data Output--------------------------------------------- 
 
 
;Heater Control------------------------------------------ 
 
;Every 15 minutes the datalogger will flip control port 1 from low to high 
;This will hit the trigger on the 555 which is set to release current to the heater for 8 
second 
 
* Table 2 Program 
     02:900 Execution Interval (seconds) 
 
1:  Do (P86) 
 1: 51       Set Port 1 Low 
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2:  Excitation with Delay (P22) 
 1: 3        Ex Channel 
 2: 0000     Delay W/Ex (units = 0.01 sec) 
 3: 0000     Delay After Ex (units = 0.01 sec) 
 4: 0000     mV Excitation 
 
3:  Do (P86) 
 1: 41       Set Port 1 High 
 
;Heater Control------------------------------------------- 
 
*Table 3 Subroutines 
 
End Program 
 
 
 
 
 
 
 
 
 
 
 
 
 
 118 
Vita 
 
 Andrew Conrad Sherfy was born to the parents of Howard (Stan) Stanton and 
Belinda Castilla, in Houston, Texas.  He grew up in Chevy Chase, MD and where 
attended Gonzaga College High School in Washington, DC.  He received his Bachelor of 
Science in Environmental and Soil Science from The University of Tennessee in 
December, 2006.  He received his Master’s of Science in Environmental and Soil Science 
in August 2008, where the focus of his research was developing and evaluating a 
modified multi-functional heat pulse probe.   
 
 
 
 
